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“We feel surprise when travellers tell us of the vast dimensions of the Pyramids and
other great ruins, but how utterly insignificant are the greatest of these, when compared
to these mountains of stone accumulated by the agency of various minute and tender
animals!”
(Charles Darwin, ”The Voyage of the Beagle.”, 1839)
Figure 1: Heron Island 2015
Abstract
Over the last few decades there has been a significant decline in the health and diversity of modern
reefs globally. High resolution millennial scale records of coral reef response to environmental per-
turbations are needed to determine if this decline is the result of recent anthropogenic activity, or
represents part of a natural longer-term geological cycle. Hence, a range of multi-proxy palaeode-
positional indicators (coralgal assemblages, sedimentary facies and associated biota) were integrated
with chronologic data, to provide a greater understanding of the geologic and ecologic factors which
controlled reef development during the Holocene and Last Interglacial (LIG). This constitutes the
most comprehensive regional chronologic and ecologic investigation of mid-outer platform reefs, in
the Great Barrier Reef (GBR) over the past ∼130 ka. Fifteen pre-existing long cores (< 40 m)
and thirty-four new short cores (< 2 m) were examined, providing greater constraints on coral reef
response, tolerance and thresholds to major palaeoenvironmental changes, on millennial timescales
within glacial and interglacial cycles, over the past ∼130 ka. Using quantitative surveys of key
modern coral reef biota (coral, coralline algae, vermetid gastropods) at a GBR representative study
site (One Tree Reef), in combination with similar coralgal assemblages from elsewhere in the Indo-
Pacific, palaeodepositional constraints on analogous fossil coralgal assemblages were determined for
both Holocene and LIG reefs. Using these assemblages in conjunction with sedimentary facies, 85
new U/Th and 21 new 14C-AMS ages and a re-analysis of all existing radiocarbon data (n = 266), the
palaeoenvironmental conditions and subsequent biologic and geologic response of reefs to repeated
transgressive and highstand events, between the last two interglacial’s (i.e Holocene and LIG) was
determined.
Using a qualitative re-investigation of fifteen cores from the Southern GBR a distinct delay of 0.7-2
ka was observed between substrate flooding and first colonisation of reef communities (8.3 ± 0.04
to 7.6 ± 0.03 ka), providing robust new constraints for the Holocene ’turn-on’ in the Southern GBR.
Higher input of fine siliciclastic material from regional sources, exposure to hydrodynamic forces and
colonisation in deeper waters were identified as the main factors impeding initial reef growth. Distinct
shallowing upwards sequences, previously masked by more simplified sedimentary facies classifications
(ie. branching, massive etc) were also identified, in response to initial inimical conditions and re-
duced accommodation space following the stablisation of sea level, approximately 7 ka. Furthermore,
these results show that the development of reefs analysed in this study satisfy only some of the key
elements and predictions used to define a reefs final evolutionary state (juvenile, mature or senile),
with size and shape of the antecedent substrate having a greater effect than substrate depth alone.
The response of mid-outer platform reefs to the Holocene stillstand including; the timing of when
they first approached sea level and the direction, rate and continuity of reef flat accretion was also
investigated, using closely spaced reef core transects at Heron and One Tree Reefs and including a
meta-analysis of all available previously drilled reef flats (n=27) across the GBR from 14◦ to 25◦ S.
Results from Heron and One Tree showed the reef flats first approached present mean sea level (pmsl)
∼6 ka where growth was then dominated by lateral accretion. Hydrodynamic energy was identified
as the main driver of accretional direction across all reef flats analysed, based on normalized wave
fetch scenarios and typical wind patterns, with exposed reefs accreting primarily lagoon-ward and
protected reefs accreting seawards, contrary to the traditional growth model in the GBR. Lateral
accretion rates varied from 86.3 m/ka - 42.4 m/ka on the exposed One Tree windward reef and 68.35
m/ka - 15.7 m/ka on the protected leeward Heron reef, suggesting that wind/wave energy is not a
dominant control on lateral accretion rates. A distinct hiatus in reef flat growth from 3.6 ka ± 0.1
to 1.6 ± 0.2 ka was also observed from all available mid-outer reef flat ages, with the exception of
the central GBR. Increased upwelling, turbidity and cyclone activity, in response to increased SST’s,
precipitation and ENSO variability, were ruled out as possible mechanisms of reef turn off. A relative
fall (∼0.5 m) in sea-level at 4-3.5 ka was the most likely explanation for why reef flats in the northern
and southern regions turned off during this period. Greater hydro-isostatic adjustment of the cen-
tral GBR and long term subsidence from the Halifax basin, provided greater vertical accommodation
space for the mid-outer platform reefs of the central GBR, allowing these reefs to continue to accrete
vertically despite a relative fall in sea level ∼ 4-3.5 ka. Thus, these results not only provide important
information about possible reef flat hiatuses in response to natural environmental change, but also
provide insights into the stability of relative sea level along the east Australian margin following the
Holocene post-highstand fall.
Thirty-nine new mass spectrometry ages in conjunction with palaeoecological and sedimentologi-
cal data from seven LIG platform reefs across the northern, central and southern GBR, are reported.
These results provide the first closed system ages (128.7 ± 0.7-126.1 ± 0.8) for the pre-Holocene
reef, confirming growth during the LIG. Combined with our new open-system model ages, we are now
able to constrain the interval of significant LIG reef growth in the southern GBR to between 128.7 ±
0.7 and 120.9 ± 0.6 ka. Using the chronological, sedimentologic and coralgal assemblage data in the
context of newly derived glacial-isostatic adjusted (GIA) sea level models, a new conceptual model for
the LIG reef development of the GBR is proposed. Three main growth phases were defined, including
a possible near drowning event at ∼129 ka. Moreover, this study provides the first, GIA-corrected
relative sea level predictions for the GBR during the LIG, suggesting a peak relative sea level of 6 to
11 m above pmsl. Lastly the high resolution coralgal assemblage information developed in this thesis
provides the first detailed regional comparison of reef response, from the northern to the southern
GBR, over longer term (>10 ka) geological timescales. Results suggest that the palaeoenvironments
during the initial turn-on phases of the two interglacial intervals (Holocene and LIG) were signifi-
cantly different. However, similar composition of ultimate shallow-water coralgal assemblages and
slow reef aggradation rates following stabilisation of sea level, suggest both the LIG and Holocene
reefs developed in a similar way as they approached mean sea level. These results further suggest
that if rapid sea level rise were to occur in the future, similar to that at the onset of the LIG and in
combination with other environmental stresses (e.g. warmer SST, increased turbidity, ocean acidifi-
cation, increased bleaching, excess nutrient runoff), the GBR may experience a near drowning event
analogous to that experienced during the LIG.
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Chapter 1. Introduction 2
1.1 Introduction, background and setting
1.1.1 Scientific rational
Coral reefs represent one of the most complex, diverse and biologically productive
ecosystems on the planet (Hoegh-Guldberg, 2007). They provide habitats for hun-
dreds of thousands of marine species as well as supply vital resources to many of so-
cieties industries, including fishing, tourism and coastal protection (Hoegh-Guldberg,
1999). However, reef ecosystems are highly constrained by a number of environmental
parameters such as sea level, sea surface temperature, salinity, sediment and nutri-
ent inputs, thus making them vulnerable to environmental change from both natural
and anthropogenic sources (Pandolfi, 2003). The trajectory of human-induced climate
change is forecast to continue into the foreseeable future, therefore predicting how
reef ecosystems will respond to future climate change is becoming increasingly rele-
vant (Greenstein and Pandolfi, 2008). Ecological investigations monitoring modern
reef growth and distribution often occur over timescales (10-30 years) much shorter
than the lifetime of many reef colonies (i.e. up to 600 years) and/or reef ecosystems
(i.e. ∼100-200 years) (Pandolfi and Greenstein, 1997). Hence, distinguishing whether
any disturbances observed are a result of recent anthropogenic activity or represent
part of a natural longer-term geological cycle, remains difficult. Fortunately, Quater-
nary fossil coral reefs can provide a long term (i.e 1000s to 100,000s years), time-series
data set, which detail not only the geological and biologic changes that occurred during
past episodes of natural environmental change, but also record quantitative palaeoen-
vironmental and palaeooceanographic information (Correge, 2006, Greenstein, 2007,
Camoin and Webster, 2015). Specifically, geologic and ecologic research on fossil reefs
globally, have identified intervals of significant reef ’turn-off’ in response to natural
environmental changes on millennial times scales (1000s years), over the past 8 ka
(Perry and Smithers, 2011, Toth et al., 2012, Hamanaka et al., 2012, Leonard et al.,
2015). In contrast, investigations of reef communities over much longer time scales (i.e
10,000 and 100,000s years) have shown remarkable persistence in coralgal community
composition and reef growth during multiple episodes of climatic change (Pandolfi,
1996, 1999, Pandolfi et al., 2003, DiMichele et al., 2004, Kiessling, 2005, Webster
and Davies, 2003a). Such long-term records provide a critical contribution to under-
standing the stability of fossil reefs and past climate, providing important information
about the persistence (or not) of reefs through time, allowing us to recognize when
changes in reef condition are in response to natural or anthropogenic factors (Pandolfi
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and Kiessling, 2014).
Hence, the focus of this thesis is to investigate the evolutionary development of mid-
outer shelf reefs in the GBR, to provide detailed palaeodepositional records and greater
chronological constraints from fossil reef communities, over longer term geological pe-
riods (i.e. Holocene and late Pleistocene). These results are conducive to obtaining
greater understanding of the palaeoenvironmental factors which control reef growth, in-
cluding relative sea level variations, hydrodynamic energy, turbidity and oceanographic
changes.
1.1.2 Multi-proxy approach
Modern reef building species are among the most reliable indicators of changing
palaeoenvironments including; palaeobathymetry, palaeoecology and palaeooceanogra-
phy, as their growth is often restricted by specific depth and or environmental variables
(e.g. light, depth, turbidity) (Cabioch et al., 1999b, Montaggioni, 2005b). Early pi-
oneering investigations were able to constrain sea level variations, including distinct
melt water pulses during the Last Deglaciation (e.g. Melt Water Pulse-1A) based on
drowned reef terraces, composed of mono-specific shallow-water Acropora palmata,
corals in the Caribbean (Fairbanks, 1989, Bard et al., 1990). More recently, coralgal
communities, comprised of coral, algal and associated biota, each representing their
own specific palaeowater depth signature, have been used to better constrain varia-
tions in sea level, including deepening sequences and reef drowning events (Cabioch
et al., 1999b, 2003, 2008, Montaggioni et al., 1997, Montaggioni and Faure, 1997,
Webster et al., 2004, Abbey et al., 2011). Whilst mono-specific Porites micro-atolls
have often been used to constrain variations in Holocene sea level throughout the
Indo-Pacific (e.g. Woodroffe et al., 1990, 2005, Lewis et al., 2012, Leonard et al.,
2015), they are often difficult to distinguish from their larger massive morpho-types in
cores, which flourish across a much larger depth range (Done, 1983b, Cabioch et al.,
1999b). Hence, coralgal communities are becoming increasingly important in these
regions, particularly where palaeodepositional interpretations are based purely on reef
core data, which lack easily distinguished mono-specific coral sea level indicators.
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Palaeoenvironmental reconstructions are crucial for sea level studies as well as for
understanding how reef systems responded to environmental perturbations, including
increased sea surface temperature and salinity (SST, SSS), turbidity, and wave ex-
posure. A comprehensive and quantitative understanding of the modern distribution
and ecology of reef communities is needed from a wide variety of environments (e.g
exposed and protected reef margins) to provide valuable comparisons with their fossil
counterparts. Whilst this has been well defined in many regions of the Indo-Pacific,
particularly in French Polynesia (Cabioch et al., 1999b, 2003, 2008, Montaggioni et
al., 1997, Montaggioni and Faure, 1997, Montaggioni, 2005a, Camoin, 2007, Abbey
et al., 2011), very few studies of the zonation of modern Crustose Coralline Algal
(CCA) have been undertaken in the GBR (Braga and Davies, 1993, Ringeltaube and
Harvey, 2000, Dean et al., 2015), nor have quantitative estimates of CCA thickness or
vermetid gastropod abundance been made. Moreover, whilst the zonation of specific
coral genera has been broadly defined in the GBR (Davies, 1977b, Done, 1982, 1983a,
DeVantier et al., 1998, Wallace, 1999, Veron, 2000), few studies have quantitatively
investigated the distribution of modern coralgal assemblages, along with associated
biota. As a result the palaeodepositional histories of fossil reefs in the GBR (Davies
et al., 1985b, Webster and Davies, 2003b, Braga and Aguirre, 2004a, Dechnik et al.,
2015) have largely been compared with modern reefs of French Polynesia and the wider
Indo-Pacific. These interpretations are limited to broader scale comparisons which may
result in significantly larger and less precise palaeodepth and environmental ranges be-
ing attributed to those fossil reef sequences.
Qualitative investigations of key sedimentary facies have also been used to more accu-
rately constrain the developmental history of Holocene and Pleistocene reef deposits
(e.g. Marshall and Davies, 1984, Gischler et al., 2000, Webster and Davies, 2003a,
Montaggioni, 2005b, Hopley et al., 2007). However, relatively few studies have focused
on quantitative investigations of micro-facies including the distribution of meteoric and
marine cements (Perry and Hepburn, 2008, Gischler et al., 2013). Such investigations
are important as variations in the skeletal composition of micro-facies and diagenet-
ically altered cements can show evidence of small scale (2-3 m) sea level oscillation
(Dutton and Lambeck, 2012), which may not be easily discriminated using macro-
facies and shallow coralgal assemblages, whose palaeodepositional errors are often
limited to 0-6 m. Further, variations in micro-facies composition may provide evidence
of palaeoenvironmental change, including increased turbidity conditions and decreased
water quality (Perry and Hepburn, 2008, Gischler et al., 2013). Of the few studies
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investigating micro-facies and marine carbonate cements in the GBR, most have fo-
cused on Holocene reefs (Marshall and Davies, 1981, Hopley et al., 2007, Perry and
Hepburn, 2008), with few investigations on late Pleistocene deposits (Marshall, 1983,
Braithwaite and Montaggioni, 2009). Moreover, large differences in the precise age
and duration of late Pleistocene reefs occur globally (ranging from 135 ka to 114 ka)
(Chen et al., 1991, Stirling et al., 1998, Speed and Cheng, 2004, Dutton and Lambeck,
2012, Dutton et al., 2015b) and are thought to be partially related to variable preserva-
tion of corals. Hence, stringent vetting process incorporating a range of pre-screening
methods, including thin section petrography, X-ray Powder Diffraction (XRD) and
Scanning Electron Microscopy (SEM), are needed to more accurately constrain the
age and duration of pre-Holocene reefs. This is particularly important in the GBR,
where sparse open system ages obtained using alpha-counting techniques produced
ages ranging from 107 to 172 ka (Marshall and Davies, 1984, Pickett et al., 1989).
Thus this thesis is unique, in that it incorporates a range of multi-proxy palaeodepo-
sitional indicators, in conjunction with well-constrained chronology based on multiple
pre-screening methods (Figure 1), to provide the most accurate and well-constrained
palaeodepositional and chronologic history of Holocene and late Pleistocene reefs, for
the GBR.
1.1.3 Geological background and significance
1.1.3.1 The Holocene
The extensive drill coring undertaken in the GBR (Davies and Marshall, 1979, Ho-
pley, 1982, Marshall and Davies, 1982, Hopley et al., 2007) and Caribbean regions
(Macintyre, 1988, Neumann, 1985) during the 1970s-80s formed the basis of our un-
derstanding of how reefs had responded to relative sea level and hydrodynamic changes,
over the last 10 ka . Key relationships between sea level, antecedent topography and
consequently accommodation were used to identify specific reef growth strategies (i.e.
keep-up/catch-up) (Neumann, 1985) and define distinct evolutionary classifications or
states (i.e. juvenile, mature and senile), for mid-outer shelf reefs of the GBR and
Caribbean (Hopley, 1982, Davies et al., 1985b). However, the precise timing of when
these reefs first ’turned-on’ remains controversial. Whilst a 1.2-2 ka time lag between
the post glacial sea level rise and first colonisation of reef builders (i.e. turn-on) has
been widely reported in the GBR (Davies, 1977a, Davies and Hopley, 1983, Davies et
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al., 1985a, Marshall and Davies, 1982), more recent investigations on inner shelf reefs
suggest these apparent lags are artifacts of the dataset (Smithers et al., 2006, Hopley
et al., 2007). Understanding the precise nature and timing of reef turn-on is impera-
tive, as a lag or delay in reef colonisation could represent poor water quality conditions
or unsuitable oceanographic factors, detrimental to reef growth (Davies and Hopley,
1983, Davies et al., 1985a, Marshall and Davies, 1985). Detailed coralgal and facies
data from the south Pacific (Cabioch et al., 1995, 1999a) and south-west Indian Ocean
(Camoin et al., 1997, Montaggioni and Faure, 1997) reveal a complex reef growth his-
tory, with distinct shallowing upwards sequences identified in response to variations in
Holocene sea level and water quality conditions. However, analysis of Holocene reef
growth in the GBR was largely based on simplified sedimentary facies (e.g. branching
vs. massive coral facies). These analyses capture the overall reef growth response
over the past 8 ka. However, they may mask more subtle variations in relative sea
level and palaeoenvironmental change, and in turn paleoecological responses, partic-
ularly during the controversial ’turn-on’ period. Moreover, the vast majority of ages
used to constrain the ’turn-on’ and subsequent transgression remain un-calibrated and
therefore may produce anomalous ages not representative of the true transgression and
stillstand periods. Thus, it is clear that further research using a range of multi-proxy
facies, coralgal assemblages and newly calibrated ages are needed from the GBR, to
provide greater insight into the important factors influencing reef initiation and devel-
opment.
Further, many of the previous reef growth models established from the GBR have
been based on one or a few reef cores spread across a range of reef zones (Davies and
Marshall, 1979, Hopley, 1982, Marshall and Davies, 1982, Hopley et al., 2007). Whilst
these cores are able to capture the basic response of reefs to the Holocene transgres-
sion, only closely spaced core transects are able to capture the full response of platform
reefs to the apparent Holocene stillstand. This includes the timing of when they first
approached sea level and the direction, rate and continuity of reef flat accretion (Blan-
chon and Blakeway, 2003, Webb et al., 2016). Nevertheless, a widely accepted reef
growth model was established from these cores which suggest that reefs first reached
sea level near the windward margin and then continue to accrete laterally in a leeward
direction, following sea level stabilisation (Davies and Marshall, 1979, Marshall and
Davies, 1982, 1985, Davies and Hopley, 1983, Davies et al., 1985a). However, recent
investigations of a closely spaced core transect at Heron reef in the southern GBR,
suggests reef accretion occurred in a seawards direction over the past ∼7 ka, contrary
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to the traditional GBR growth model of windward to leeward directed accretion (Webb
et al., 2016). Higher resolution studies from other mid-outer platforms reefs are clearly
needed to assess reef response to sea level stabilisation and whether they conform (or
not) to the predicted reef growth models. Only then will we be able to effectively
model the relationship between reef growth, sea level and reduced accommodation
space and the influence this has on vertical versus lateral accretion.
Sea level variations during the mid to late Holocene have also been a contentious
issue over the past few decades (Lewis et al., 2012, 2015). Whilst it is generally ac-
cepted that relative sea level first reached a maximum of 1-1.5 m above present mean
sea level (pmsl) ∼7 ka (Lewis et al., 2012), there have been many interpretation of sea
level fall, post the mid-Holocene highstand. Distinct hiatuses in reef growth identified
from numerous inshore fringing reefs along the inner GBR have been used both as
evidence to support a smooth (Chappell, 1983, Sloss, 2007) versus a oscillating post
highstand fall (Baker and Haworth, 2000, Lewis et al., 2008, Leonard et al., 2015),
on the North-East coast of Australia. In contrast, global mean averages of eustatic
sea level suggest there is no evidence for sea level oscillations greater than 15-20 cm,
on time scales exceeding ∼200 years, post 6 ka (Lambeck et al., 2014). However,
global mean sea level (GMSL) can differ significantly from relative sea level, even at
far-field sites, remote from margins of former ice sheets, such as along the north-east
Australian margin (Lambeck and Nakada, 1990, Yokoyama et al., 2006, Dutton and
Lambeck, 2012, O’Leary et al., 2013).
Other factors, different from sea level, such as increased ENSO variability, turbidity
and upwelling have also been suggested to have caused reef growth hiatus in Holocene
reefs in Pacific Panama (Toth et al., 2012, 2015), Japan (Hamanaka et al., 2012) and
Hawaii (Rooney et al., 2004, Engels et al., 2004). However, whether reef growth was
continuous throughout the mid to late Holocene, or interrupted by reef growth hia-
tuses remains to be researched for the mid-outer shelf reefs of the GBR. Hence, whilst
the early pioneering studies lead by Davies, Marshall, Hopley and others provided the
basic yet important reef growth models for the GBR, over the last ∼ 10 ka. The lim-
ited number of ages, coralgal assemblages, facies, and lack of closely spaced transect
cores provided only broad interpretations of how coral reefs responded to variations in
sea level and may have masked more subtle palaeoenvironmental and oceanographic
changes.
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1.1.3.2 The Last Interglacial
Last Interglacial (LIG) reef outcrops and terraces (e.g.Bard et al., 1990, Stirling et
al., 1995, 1998, Pandolfi, 1996, Dutton et al., 2015b) have received considerable at-
tention over the past few decades, as they represent a potential future warm-climate
analogue, where sea levels were thought to be 6-9 m above present mean sea level
(Dutton et al., 2015a) and global mean temperatures were up to 1◦C warmer than
present (Otto-Bliesner et al., 2013) Thus, the LIG represents an ideal period in which
to investigate reef response to palaeoclimatic and sea level changes. However, the age
and development of LIG reefs in the GBR remains poorly constrained, due its location
up to 40 m below the modern living reefs (Hopley et al., 2007). Of the few cores
which have been recovered, only a few unreliable open-system ages (Thompson et al.,
2003) from the southern GBR (ranging 107 ka to 172 ka) (Marshall and Davies, 1984)
and one diagenetically altered age from the northern GBR (ca.125 ka) (Braithwaite et
al., 2004) have been obtained. Whilst a deepening sequence was identified from the
purported LIG coralgal assemblages at Ribbon Reef 5 in the northern GBR (Webster
and Davies, 2003a, Braga and Aguirre, 2004b), the limited facies and assemblage de-
scriptions from the other mid-outer shelf reefs meant regional patterns could not be
established (Marshall and Davies, 1984).
Detailed coralgal assemblage data from uplifted terraces (e.g. the Huon Peninsular)
(Pandolfi, 1996) and barrier and atoll reefs (e.g. Belize) (Gischler et al., 2000, Gischler,
2007) have provided valuable insight into former sea level positions and palaeoenvi-
ronments for periods post the penultimate deglaciation, such as Marine Isotope Stage
5 (MIS5). Comparisons of the abundance and diversity of specific reef species over
differing interglacial periods have not only provided important information about past
reef response to palaeoenvironmental change, but also have been used to establish a
base line for identifying the level of natural versus anthropogenically-induced distur-
bance. However, as discussed above, the spatial and temporal variation in Pleistocene
reef composition from the GBR remains difficult to assess, given the relatively few
cores and limited coralgal and facies descriptions (Marshall and Davies, 1984). Nev-
ertheless, early pioneering studies on the GBR identified some significant differences
between Holocene and Pleistocene reef deposits, including the abundance of Halimeda
in Pleistocene reef sequence (Marshall and Davies, 1984, Hopley et al., 2007), which
typically dominate in regions of significant upwelling (Wolanski et al., 1988). However,
the mechanisms to produce significant upwelling onto the platform reefs themselves
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and the consequent oceanographic conditions experienced by these reefs during the
purported LIG have not been explored (Hopley et al., 2007). Furthermore, whilst de-
tailed palaeowater depth data from cores were not previously analysed by Marshall and
Davies (1984), they did note that the reefs of the Capricorn Bunker Group should have
been able to attain elevations of at least several meters above present sea level, during
the LIG. Several possible scenarios including subsidence and karstification were explored
in order to explain this striking discrepancy in age/elevation data of LIG deposits rel-
ative to the rest of Australia (Hopley, 1982, Marshall and Davies, 1984). However,
considerable uncertainty remains as to whether this discrepancy is a result of karst
dissolution alone or some combination of karst and subsidence (Hopley, 1982, Purdy
and Winterer, 2001). Moreover, determining the age/elevation offset of LIG deposits
without knowing the precise rate, magnitude and duration of relative sea level along
the GBR, during the LIG highstand remains difficult. However, GMSL can differ signif-
icantly from relative sea level, even at far-field sites, remote from margins of former ice
sheets as a result of Glacial-isostatic adjustment (GIA) (Lambeck and Nakada, 1990,
Yokoyama et al., 2006, Dutton and Lambeck, 2012, O’Leary et al., 2013). Hence, GIA
corrected relative sea level models in combination with detailed coralgal assemblages
are needed from the GBR to better constrain the observed age/elevation offsets that
have occurred over the last ∼130 ka. Similar age/elevation offsets have been observed
on LIG reef deposits along the West Australia coast (Stirling et al., 1998, Collins and
Testa, 2010, Dutton and Lambeck, 2012). Dynamic topography was identified as a
possible source of subsidence in this region (Collins, 2010), however, such a hypothesis
has yet to be tested on the GBR. Rates of dynamic topography have previously only
been estimated over million year timescales (e.g. DiCaprio et al., 2010) and thus it
remains uncertain whether such rates are even substantial enough to drive the evolu-
tion of platform reefs on passive margins, over shorter, 100-ky timescales.
1.2 Geological settings and morphology of mid-outer
shelf reefs
Along a longitudinal gradient the GBR can be divided into three general geographic
areas, described as the inner, mid and outer reefs (Hopley et al., 2007). This thesis
will focus exclusively on the mid-outer shelf reefs, located 40 to 250 km from the
adjacent coast; however, comparisons with the inshore fringing reefs will be also made.
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The GBR can be further divided into 4 distinct regions, (Great Barrier Reef Marine
Park and Unesco, 1981, Wolanski, 1994, Hopley et al., 2007) including the northern
(11-16◦S), central (16-20◦S), south-central (20-22◦S) and southern (22-24◦S) GBR
(Figure 2). The northern GBR is dominated by ribbon reefs located close to the edge
of the continental shelf, whilst central and southern regions are dominated by platform
reefs.
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Figure 1.2: Locality map of the GBR, showing the location on all reefs chosen
for analysis in this thesis within their distinct geographical regions (i.e the northern,
central, south-central and southern GBR).
The ribbon reefs are characterised by steep elongate algal encrusted windward rims,
with no distinct leeward margins, whilst platform reefs are defined by distinct windward
and leeward margins enclosing shallow depressions which may or may not be in-filled
by sediment. Both ribbon and platform reefs exhibit distinct morphological features,
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allowing comparisons to be made between them (Figure 3). Such features include; 1)
the reef flat, defined by a reef crest and coralgal rubble zone on the outer flat, with
distinct windrows of living corals on the inner back reef, 2) Spur and grooves zone,
which are present from the reef crest to the upper-middle reef slope and 3) shallow
lagoons which may or may not be in-filled by sediments and reef rubble and only occur
on platform reefs.
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Figure 1.3: Distinct morphological features observed at both A) the ribbon reefs
in the northern GBR and B) platform reefs in the central and southern region. C)
Conceptual model of the main morphologic features observed in cross section.
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1.3 Aims and objectives
The aim of this thesis is to provide greater chronological constraints and detailed
palaeodepositional records from fossil reef communities on mid-outer platform reefs in
the GBR. This research uses a multi-faceted approach integrating both biologic and
geologic principles to delineate a robust chronological history of reef response during
transgression and stillstand conditions in both the Holocene and late Pleistocene reefs,
from new and previously drilled reef cores. From here we can obtain greater under-
standing of the palaeoenvironmental factors which control reef growth, over differing
temporal timescales (i.e < 10 ka and > 100 ka) and facilitate further research into
predicting the response of modern coral reefs to changes in the Earth’s climate.
To achieve these aims this thesis addresses the following scientific objectives:
1. Investigate the depth distribution of the modern reef biota using a multi-proxy
approach (coral, CCA, vermetid gastropods, etc) at a representative site in the
southern GBR, to calibrate our reconstructions of the palaeoenvironment (e.g.
palaeowater depth, energy) from fossil assemblages in the GBR.
2. Determine the precise timing and constraints of the Holocene ’turn-on’ for the
mid-outer shelf reefs of the GBR using new and re-calibrated existing ages and
further identify coralgal community response to sea level and environmental
changes during the Holocene transgression, leading up to the stillstand.
3. Identify the response of mid-outer shelf reefs to the Holocene stillstand, including
the timing of when they first approached sea level and the direction, rate and
continuity of reef flat accretion, based on closed spaced reef core transects and
attribute these responses to possible sea level, climatic or environmental changes.
4. Test the hypothesis that LIG aged reefs directly underlie the Holocene reef de-
posits in the GBR and establish the specific timing and duration of significant
reef growth during this poorly understood stratigraphic interval.
5. Develop a new conceptual model, illustrating the developmental history of the
GBR over the past ∼130 ka, based on newly defined coralgal assemblages, sed-
imentary facies and U/Th ages and discuss their implications for constraining
the palaeoenvironmental conditions during the LIG.
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6. Establish the predicted timing, elevation and duration of the LIG highstand sea
level across the GBR, based on newly derived relative GIA models and quantify
the offsets between the measured and interpreted palaeowater depth estimates
and attribute these offsets to possible sea level, karstification or tectonic changes.
7. Identify any coralgal community change between Holocene and LIG reefs, to
determine if reef communities are able to re-establish themselves in the same
fashion over glacial-interglacial periods (i.e ∼100 ka) or if they are replaced by
new species following previous exposure.
1.3.1 Thesis structure
This thesis is built upon six discrete and self-contained, but closely-related chapters.
It is structured in such a way as to present the findings in a reverse geo-chronological
order, from youngest to oldest (i.e from the Holocene to the LIG), with an introduc-
tory chapter on the modern living reef at the beginning of the thesis (chapter 2),
from which subsequent chapters build on. All chapters forming the main body of this
thesis (chapters 3-7) address the major thesis objectives and are formatted as scien-
tific manuscripts for journal publication. As such, each chapter contains a small but
unavoidable amount of repetition.
Chapter 1
This chapter provides the introduction, background and scientific rational to the thesis,
including both the overarching aims and objectives.
Chapter 2
Chapter 2 is an investigation of the modern living reef, focusing on the coral and
algal zonation of reef species at One Tree Reef, in the Southern GBR. Specifically, we
identified the modern depth and environmental distribution (windward vs. leeward) of
specific coralgal genera and associated biota, to better constrain and calibrate esti-
mates of palaeowater depositional environments from LIG fossil reef cores in the GBR.
Selected results of this chapter have been incorporated into Chapter 6 of this thesis
and consequently are currently in review with Quaternary Science Reviews.
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Chapter 3
Chapter 3 is a palaeoecological, sedimentological and chronological study of 15 drill
cores from 4 mid-outer platform reefs in the Southern GBR. It also focuses on the
uncertainties surrounding the timing of the Holocene ’turn-on’ and the nature of the
reef communities following the flooding of the LIG platforms and reef response to the
subsequent sea level transgression. The factors believed to have the greatest impact
on reef development (depth, shape and size of the antecedent substrate) and final
evolutionary states (mature vs. senile) were also explored. This chapter has been
published in the journal Marine Geology.
Chapter 4
Chapter 4 focuses on the response of the mid-outer platform reefs to the Holocene
stillstand. Specifically 34 short cores across 9 closely spaced transects from Heron
and One Tree reefs, in conjunction with all other available reef flat core data from
the mid-outer platform reefs of the GBR was analysed, in order to investigate the rate
and direction of lateral reef flat accretion in response to hydrodynamic energy. This
chapter has been published in the journal Quaternary Research.
Chapter 5
This chapter builds on the conclusions of Chapter 4 and further investigates the likely
hiatus in reef flat growth identified regionally, across the mid-outer platform reefs from
the northern to the southern GBR, during the Holocene stillstand and discusses the
possibly causes. This chapter has been structured for submission to a peer-reviewed
journal, but has not yet been submitted.
Chapter 6
Chapter 6 is a palaeoecological, sedimentological and chronological study of 10 cores
across 7 mid-outer platform reefs, in the GBR. It confirms both the age of the pre-
Holocene reef and addresses reef response to palaeoenvironmental changes during the
LIG. Based on the chronologic, sedimentary facies and coralgal assemblage data, a
new conceptual model for the LIG reef development of the GBR is proposed that is
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defined by 3 main growth stages. Chapter 6 also provides a palaeoecological compari-
son between the LIG and Holocene reef community studies in this thesis. This chapter
had been accepted-in review with Quaternary Science Reviews.
Chapter 7
This chapter builds on some of the conclusions of Chapter 6 and tries to solve the
outstanding questions about the current age/depth elevation offsets of the LIG mid-
outer platform reefs. It further seeks to establish relative LIG sea level in the GBR
region, using GIA corrected models. This chapter has been structured for submission
to a peer-reviewed journal, but has not yet been submitted.
Chapter 8
Chapter 8 provides a synthesis of the overall thesis findings, regarding reef response to
palaeoenvironmental change over long (>100 ka) and short (<10 ka) time scales and
offers some general conclusion and recommendations for future work.
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2.1 Abstract
Modern coralgal assemblages characterised by multi-proxy data (i.e. coral, coralline al-
gae, vermetid gastropods, etc) rather than mono-specific reef species have increasingly
been used to more accurately constrain palaeodepositional environments over different
spatio-temporal scales. However, few quantitative multi-proxy assemblages have been
established for the modern GBR, resulting in comparisons of fossil assemblages with
modern coralgal communities from the wider Indo-Pacific. These interpretations are
limited to broader scale comparisons which may result in significantly larger and less
precise palaeodepth and environmental ranges being attributed to those fossil reef se-
quences. This study is the first to quantitatively investigate, the relationships between
depth, relative hydrodynamic exposure and the distribution of corals, crustose coralline
algae (CCA), thalli thickness, and vermetid gastropod abundance. Using a series of
photo-quadrat transects and a range of multivariate statistics, we provide one of the
most thorough quantitative and qualitative assessments of the distribution of important
modern reef-building communities in the GBR, at our representative study site, One
Tree Reef. Six coralgal assemblages were defined, including; two shallow, high energy
assemblages (Coralgal Assemblage 1 and 2) and four deep, low energy assemblages
(Coralgal Assemblages 3a/b and 4a/b). These multi-proxy assemblages are broadly
consistent with similar shallow and deep coralgal assemblages of the Indo-Pacific. How-
ever, slight variations in the depth distribution of individual groups (e.g., Lithophyllum
gp. Kotschyanum, Neogoniolithon gp. fosliei and morpho-types of Isopora) and quan-
titative description of CCA thickness and vermetid gastropod abundance, allow the
modern depositional settings of the GBR to be more accurately constrained than pre-
viously possible. These newly defined coralgal assemblages where then placed in the
context of previously established reef growth phases (catch up/keep up) to provide a
hypothetical context for their likely palaeodepositional environments in core.
2.2 Introduction
The distribution of modern reef building species is often restricted to particular depth
and/or environmental zones, hence they are considered one of the most reliable indica-
tors of past sea level and oceanographic changes (Done, 1982, Cabioch et al., 1999a,
Veron, 2000a). Early pioneering investigations used this principle to define distinct
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deglacial meltwater pulses (e.g. Meltwater Pulse-1A) based on drowned reef terraces,
composed of mono-specific shallow-water Acropora palmata corals in the Caribbean
(Fairbanks, 1989, Bard et al., 1990). However, the widespread range and diversity of
corals in Indo-Pacific reefs has resulted in few such finite sea level indicators (Davies
and Montaggioni, 1985). Whilst Porites micro-atolls have often been used in the
Indo-Pacific to delineate small-scale sea level variation throughout the Holocene (e.g.
Woodroffe et al., 1990, 2005, Lewis et al., 2012, Leonard et al., 2015), they are dif-
ficult to distinguish from their massive morpho-types in core, which are characterised
by a much greater depth distribution (Done, 1983c, Cabioch et al., 1999a). Thus, a
multi-proxy approach integrating coralgal assemblages and associated biota (e.g. ver-
metid gastropods) was adopted to better constrain past sea level and climatic change
in these regions (Cabioch et al., 1999a, 2003, 2008, Montaggioni et al., 1997, Mon-
taggioni and Faure, 1997, Montaggioni, 2005, Camoin, 2007, Abbey et al., 2011b).
Specifically, comparisons between modern coralgal assemblages and fossil reef deposits
in both Tahiti (Abbey et al., 2011b, Camoin et al., 2012) and Hawaii (Webster et al.,
2004a, Webster et al., 2006) have been used to identify deepening-upwards sequences
and also reef drowning events, allowing for a more accurate reconstruction of deglacial
sea level history, including the timing and duration of controversial meltwater pulses
(MWP-1A and MWP-1B) and reef response to variations in turbidity and water chem-
istry.
Furthermore, distinct reef growth phases in response to variations in sea level were es-
tablished from reefs in both the Caribbean (Neumann, 1985) and Indo-Pacific (Davies
et al., 1985), including: 1) a keep-up growth phase, in which reefs are able to keep
pace with rising sea levels and 2) a catch-up growth phase, where reefs initially lag
behind sea level rise and often only catch-up once sea level stabilises. Distinct coral-
gal assemblages have been identified during each reef growth phase, with keep-up
growth typically defined by shallow water high-energy coralgal assemblages, and initial
catch-up growth composed of deeper lower-energy assemblages (Cabioch et al., 1999a,
Montaggioni, 2005). However, very few studies of the zonation of modern CCA have
been undertaken in the GBR (Braga and Davies, 1993, Ringeltaube and Harvey, 2000,
Dean et al., 2015), nor have quantitative estimates of CCA thickness or vermetid
gastropod abundance been made. Moreover, whilst the modern zonation of specific
coral genera have been broadly defined in the GBR (Davies, 1977, Done, 1982, 1983b,
DeVantier et al., 1998, Wallace, 1999, Veron, 2000b), few studies have quantitatively
investigated modern coralgal assemblages, along with associated reef biota.
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As a result, the palaeodepositional and environmental histories of fossil coralgal com-
munity (i.e. Holocene and Last Inter-Glacial (LIG)) deposits from the GBR, have
largely been interpreted from the modern depositional setting of coralgal assemblages
from French Polynesia and the wider Indo Pacific (Davies et al., 1985, Webster and
Davies, 2003b, Braga and Aguirre, 2004b, Dechnik et al., 2015). Thus, these interpre-
tations are limited to broader scale comparisons, which may result in significantly larger
and less precise palaeodepth and environmental ranges being attributed to those fossil
reef sequences. This has major implications for the use of fossil reefs in accurately
reconstructing relative sea level changes and other palaeoenvironmental conditions
(Woodroffe and Webster, 2014).
Thus, using a multi-proxy approach (coral, CCA thalli thickness, vermetid gastropods,
etc) at One Tree Reef (OTR), our GBR representative study site, we aim to: 1) define
distinct coralgal assemblages to better constrain relationships between depth, abun-
dance and thickness of coralgal genera/groups and associated biota across varying
environmental gradients (i.e. windward and leeward slopes), and 2) establish the likely
palaeodepositional environment and hypothetical reef growth phase that each newly
defined coralgal assemblage might fit within.
2.3 Location and methods
2.3.1 Study site
One Tree Reef is located approximately 70 km east of the Queensland coast and is
one of 22 mid-outer platform reefs in the southern GBR (Marshall and Davies, 1982a).
The predominate hydrodynamic energy comes from the south-east, with an average
significant wave height of 1.15 m, semi-diurnal tides and a spring tidal range of 3 m
(Vila-Concejo et al., 2013). The reef exhibits distinct morphological features found
commonly throughout the GBR, allowing comparisons to be made with other reefs
(Hopley et al., 2007). Such features include three shallow lagoons (<10 m), two pro-
grading sand sheets and a shingle coral cay located on the south-eastern windward
margin. The reef flat is defined by distinct windrows of living corals on the inner back
reef, a coralgal rubble zone and reef crest (Thornborough and Davies, 2011). Spur
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and grooves are present from the crest to the upper-mid reef slope on both windward
and leeward margins (Duce, 2014), which are the focus of this study, representing the
zone with the most diverse and abundant living corals.
2.3.2 Modern reef zonation surveys and taxonomic analysis
Quantitative surveys of the key coral reef biota (scleractinian corals, CCA, vermetid
gastropods) inhabiting the shallow reef slopes on windward and leeward margins at
One Tree Reef were undertaken in November 2014. Sites directly adjacent to previ-
ously cored sections of the reef were chosen so that direct comparisons between the
modern and fossil environments could be made (Figure 1). We photographed a to-
tal of 200 underwater 1 x 1 m quadrats down the reef slope (100 on the windward
and leeward margins respectively). Transects 50 m long were laid out at 3 m depth
intervals parallel to the crest, from 0 to 15 m, with 20 quadrats placed randomly
along each transect. Images were analysed using Coral Point Count with excel (CPCe)
(Kohler and Gill, 2006), where 50 points were randomly generated over a quadrat
photo. Taxonomic identification of scleractinian corals is based on taxonomic guides
(Veron, 1986a, Veron, 2000a), however because of the difficulty of producing accurate
species-level determinations using photo transects, identification was often limited to
genus and/or group level, as defined by Veron (2000a). Modern CCA samples, in some
cases containing vermetid gastropods, were randomly collected from these same sites
(90 samples on the windward side and 90 on the leeward) using a hammer and chisel
from depths of 0-30 m. However, time and weather constraints limited the amount
of deep (15-30 m) dives possible, hence only shallow water dives (<15 m) could be
conducted for the distribution of corals. The thickness of each algal crust (mm) was
measured and the number of vermetids within each algal sample were identified using
a hand lens and given a rank out of 5 (1 = 0; 2 = 1-5; 3 = 5-10; 4 = 10-15; 5 = >15
vermetids). CCA samples were identified down to the lowest taxonomic level using
Scanning Electron Microscopy (SEM) and petrographic thin sections.
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Figure 2.1: Location of our two study sites, in relation to previously cored fossil
reef data at One Tree Reef, in the Southern Great Barrier Reef and superimposed
on wave exposure data based on fetch measurements (see chapter 4 for details).
2.3.3 Statistical analysis
We utilized two multivariate analytical approaches in PRIMER-6 to investigate any
depth-environment-species relationships in the modern coral compositional assemblage:
non-metrical multidimensional scaling (MDS) and Analysis of Similarities (ANOSIM).
Each analytical approach is performed on a log transformed (xi = (relative abundance
+ 1)) species x sample matrix using a Bray-Curtis similarity Index, as it is one of
the most robust coefficients for the analysis of taxonomic composition data (Faith et
al., 1987, Clarke et al., 2006). MDS was used to graphically display the samples in
two dimensional plots. ANOSIM tested for difference in the assemblage composition
between predefined groups, in our case between the windward and leeward sites and
between the five depth intervals (3, 6, 9, 12 and 15 m) within each site.
ANOSIMs were also performed on the CCA data to 1) determine any environment-
species relationships between windward and leeward sites in the modern CCA com-
positional assemblage, based on presence/absence data and 2) to determine any re-
lationship between depth and algal thickness/vermetid gastropod abundance. Cluster
analysis (Kulczynski (P/A)) followed by a similarity profile (Simprof) (Clarke et al.,
2006) was used to test for significant sample groupings (clusters) within the P/A data
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set and provide a visual summary of the data.
2.4 Results
2.4.1 Modern zonation of coral reef biota at One Tree Reef
Thirty-one genera from fourteen families were identified from the windward and lee-
ward slopes of OTR (Table 1). The modern coral assemblage compositions between
windward and leeward sites are significantly different from each other (ANOSIM, R=
0.441, p < 0.001). The MDS analysis (Figure 2) corroborates these results, displaying
two clusters, with minimal overlap occurring between samples collected from the 3 m
and 6 m depth intervals, where Acropora gr. 21 dominates at both sites.
Table 2.1: Modern coral and coralline algae taxa identified from the windward
and leeward slopes of OTR. Groups within individual genera are defined by Veron
(2000).
Corals Coralline Algae 
Family ACROPORIDAE Family Caryophyllidae Family CORALLINACEAE 
Acropora sp  Euphyllia sp Subfamily MASTOPHORIDEAE 
Acropora  gr  3,6-9,11,13-14,18-22,25-27   Porolithon onkodes 
33-35,38  Family POCILLOPORIDAE P. gardineri 
Isopora palifera (encrusting) Pocilliopora sp Neogoniolithon conicum 
Isopora palifera (columnar) Stylophora sp N gr. fosliei 
Isopora palifera (massive) Seriatopora sp Hydrolithon gr. breviclavium 
Montipora sp (branching)  H gr. munitum 
Montipora sp (massive) Family Dendrophyllidae Pneophyllum conicum  
Montipora sp (encrusting) Tubinaria sp Spongites sp 
Montipora sp (laminar)  S. sulwesensis 
Astreopora sp Family Oculinidae  
 Galexea sp Subfamily LITHOPHYLLOIDAEAE 
Family AGARIIDAE  Lithophyllum sp  
Pavona sp Family PORITIDAE L gr. acrocamptum  
 Goniopora sp L. pustulatum  
Family FAVIIDAE Porites gr 1-6 L gr. kotschyanum 
Cyphastrea sp Alveopora sp L gr.prototypum 
Echinopora sp  L gr. Insipidum 
Favites sp Family FUNGIIDAE  
Montastrea sp Fungia sp Subfamily MELOBESIOID 
Leptastrea sp  Lithothamnion sp 
Leptoria sp Family MILLEPORIDAE Mesophyllum sp 
Platygyra sp Millepora exaesa M. funafutiense 
Favia sp  M gr. erubescens 
Goniastrea sp Family DENDROPHYLLIIDAE Aethesolithon sp 
 Turbinaria sp  
Family Pectiniidae  Family PEYSSONELIACAE 
Echinophyllia sp Family MUSSIDAE Peyssonnelia sp 
Mycedium sp Symphyllia sp  
 Lobophyllia sp  
Family Merulinidae   
Hydnophora   
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Figure 2.2: Non-metric multidimensional scaling (MDS) ordination of windward
vs leeward coral genera composition at One Tree Reef.
Within each site, all depth intervals (3, 6, 9, 12 and 15 m) have coral assemblages that
are significantly different from one another (Table 2) with the exception of 9 m and 12
m on the windward side, and the 12 m and 15 m on the leeward side. MDS plots display
similar results to the ANOSIM tests, however, several genera are present in multiple
depth intervals. Hence, only moderate separation is observed between the varying
depths (Figure 3). The top four most abundant genera within each depth interval,
at the windward and leeward locations, are shown in Table 2. At the windward site
Acropora gr. 21, encrusting Isopora palifera and Pocillopora dominate the upper-most
shallow reef flat (3 m), whereas tabulate Acropora (gr. 19 and gr .18) dominates from
6-15 m, and massive Porites and encrusting Montipora are most abundant between
12-15 m. Some similarities occur at the leeward site. Here Acropora gr. 21 and
Stylophora dominate from 0-6 m, whereas columnar Isopora palifera is only abundant
at 3 m. Lobophyllia is abundant between 6-15 m, massive Porites dominates between
12-15 m and tabulate Acropora gr. 19 is abundant only at 15 m (Table 3).
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Figure 2.3: Non-metric multidimensional scaling (MDS) ordination of coral gen-
era composition vs depth, within each site, at One Tree Reef.
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Table 2.2: ANOSIM results showing significance level of modern coral genera
assemblage vs depth.
Site 
Depth 
Interval (m) 
R 
Statistic 
Significance 
level 
Possible 
Permutations 
Actual 
Permutations 
Number >= 
Observed 
Leeward 6, 3 0.368 0.001 Very Large 999 0 
 6, 9 0.265 0.001 Very Large 999 0 
 6, 12 0.209 0.001 Very Large 999 0 
 6, 15 0.308 0.001 Very Large 999 0 
 3, 9 0.767 0.001 Very Large 999 0 
 3, 12 0.592 0.001 Very Large 999 0 
 3, 15 0.543 0.001 Very Large 999 0 
 9, 12 0.186 0.001 Very Large 999 0 
 9, 15 0.412 0.001 Very Large 999 0 
 12, 15 0.149 0.014 Very Large 999 8 
Windward 3, 6 0.178 0.001 Very Large 999 0 
 3, 9 0.787 0.001 Very Large 999 0 
 3, 12 0.733 0.001 Very Large 999 0 
 3, 15 0.842 0.001 Very Large 999 0 
 6, 9 0.259 0.001 Very Large 999 0 
 6, 12 0.292 0.001 Very Large 999 0 
 6, 15 0.349 0.001 Very Large 999 0 
 9, 12 0.136 0.030 Very Large 999 16 
 9, 15 0.245 0.001 Very Large 999 0 
 12, 15 0.157 0.001 Very Large 999 0 
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Table 2.3: The four most abundant modern coral genera within each depth
interval, at One Tree Reef. The total numbers counters are shown in brackets.
Location 3  m 6  m 9  m 12  m 15  m 
Windward Acropora  gr. 21 
(135) 
Acropora  gr. 19 
(205) 
Acropora  gr. 19 
(433) 
Acropora  gr. 19 
(228) 
Acropora  gr. 19 
(249) 
 Encrusting 
Isopora (111) 
Acropora  gr. 21 
(50) 
Acropora  gr. 18 
(71) 
Encrusting 
Montipora (65) 
Massive Porites 
(46) 
 Pocillopora (71) Acropora  gr. 7 
(48) 
Acropora  gr. 7 
(29) 
Acropora  gr. 18 
(61) 
Encrusting 
Montipora (21) 
 Acropora  gr. 7 
(46) 
Encrusting Isopora 
(46) 
Acropora  gr. 22 
(23) 
Acropora  gr. 22 
(40) 
Acropora  gr. 22 
(12) 
Leeward Acropora  gr. 21 
(124) 
Acropora  gr. 21 
(64) 
Branching Porites 
(58) 
Massive Porites 
(61) 
Massive Porites 
(61) 
 Stylophora (65) Lobophyllia (34) Lobophyllia (50) Seriatopora (59) Acropora  gr. 19 
(52) 
 Columnar 
Isopora (48) 
Stylophora (24) Seriatopora (45) Acropora  gr. 27 
(46) 
Seriatopora (37) 
 Pocillopora (46) Platygyra (23) Platygyra (32) Lobophyllia (41) Lobophyllia(33) 
 
2.4.2 Modern CCA zonation, thickness and vermetid gastro-
pod distribution
The modern CCA assemblage compositions between windward and leeward sites were
not significantly different from one another (ANOSIM, R= 0.019, p = 0.375). How-
ever, when analysing the full data set (windward and leeward combined) both vermetid
gastropod abundance and CCA thickness were statistically different between 0-6 m and
6-30 m (Tables 4 and 5). Specifically, abundant vermetid gastropods (categories 3-5)
and thick CCA (5-35 mm) dominated between 0-6 m, whist only scarce amounts of
vermetids (categories 1 and 2) and thin coralline algae (< 5 mm) were found between
6-30 m. Eighteen CCA algal assemblages were defined by the cluster analysis, however,
six of these assemblages were based on individual samples containing rare taxa and
thus have been grouped as miscellaneous and excluded from further analysis (Figure
4). Of the remaining twelve assemblages, the dominant genera/species and depth
range of all samples within each cluster is shown in Figure 4.
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Table 2.4: ANOSIM results showing significance level of modern coralline algal
thickness vs depth.
Depth Interval 
(m) 
R 
Statistic 
Significance 
level 
Possible 
Permutations 
Actual 
Permutations 
Number >= 
Observed 
6, 3    -0.007         69.4   Very large          999       693 
6, 27     0.416          0.1   Very large          999         0 
6, 15     0.313          0.1   Very large          999         0 
6, 12     0.355          0.1   Very large          999         0 
6, 24     0.526          0.1   Very large          999         0 
6, 30     0.464          0.1     67910864          999         0 
6, 18     0.491          0.1   Very large          999         0 
6, 21     0.424          0.1   Very large          999         0 
6, 9     0.449          0.1   Very large          999         0 
3, 27      0.42          0.1   Very large          999         0 
3, 15     0.398          0.1   Very large          999         0 
3, 12     0.441          0.1   Very large          999         0 
3, 24     0.599          0.1   Very large          999         0 
3, 30     0.551          0.1     21111090          999         0 
3, 18     0.527          0.1   Very large          999         0 
3, 21      0.48          0.1   Very large          999         0 
3, 9     0.503          0.1   Very large          999         0 
27, 15     0.223          0.5     52451256          999         4 
27, 12     0.214            1      4686825          999         9 
27, 24     0.121          7.5       167960          999        74 
27, 30     0.009         32.4         2002          999       323 
27, 18     0.027         33.4     94143280          999       333 
27, 21     0.021         21.9       817190          999       218 
27, 9     0.045         23.9      6906900          999       238 
15, 2    -0.028         80.6   Very large          999       805 
15, 24     0.019         33.7    600805296          999       336 
15, 30     -0.06         68.9       142506          999       688 
15, 18      0.12          0.6   Very large          999         5 
15, 21      0.04         15.7   Very large          999       156 
15, 9     0.058          6.9   Very large          999        68 
12, 24    -0.008         43.5     34597290          999       434 
12, 30    -0.092         80.3        33649          999       802 
12, 18     0.087          4.1   Very large          999        40 
12, 21     0.018           29    471435600          999       289 
12, 9     0.018         23.1   Very large          999       230 
24, 30    -0.045          100         4368          999       999 
24, 18    -0.042         64.4   Very large          999       643 
24, 21    -0.042           83      4457400          999       829 
24, 9    -0.075          100     54627300          999       999 
30, 18     -0.02         52.6       201376          999       525 
30, 21    -0.118         84.7        11628          999       846 
30, 9    -0.103         81.6        42504          999       815 
18, 21     0.002         38.9   Very large          999       388 
18, 9    -0.004         43.5   Very large          999       434 
21, 9    -0.028           71    818809200          999       709 
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Table 2.5: ANOSIM results showing significance level of vermetid gastropod
abundance vs depth.
Depth 
Interval (m) 
R Statistic 
Significance 
level 
Possible 
Permutations 
Actual 
Permutations 
Number >= 
Observed 
6, 3     0.005         24.9   Very large          999       248 
6, 27     0.857          0.1   Very large          999         0 
6, 15     0.775          0.1   Very large          999         0 
6, 12     0.625          0.1   Very large          999         0 
6, 24     0.871          0.1   Very large          999         0 
6, 30     0.937          0.1     67910864          999         0 
6, 18      0.81          0.1   Very large          999         0 
6, 21     0.831          0.1   Very large          999         0 
6, 9     0.446          0.1   Very large          999         0 
3, 27     0.807          0.1   Very large          999         0 
3, 15     0.709          0.1   Very large          999         0 
3, 12     0.557          0.1   Very large          999         0 
3, 24     0.822          0.1   Very large          999         0 
3, 30     0.895          0.1     21111090          999         0 
3, 18     0.759          0.1   Very large          999         0 
3, 21     0.777          0.1   Very large          999         0 
3, 9     0.369          0.1   Very large          999         0 
27, 15     0.008         51.5     52451256          999       514 
27, 12     0.101         13.7      4686825          999       136 
27, 24    -0.053          100       167960          999       999 
27, 30         0          100         2002          999       999 
27, 18    -0.023         80.9     94143280          999       808 
27, 21    -0.036          100       817190          999       999 
27, 9     0.307          0.8      6906900          999         7 
15, 12    -0.004         50.7   Very large          999       506 
15, 24     0.017         40.2    600805296          999       401 
15, 30     0.091         38.4       142506          999       383 
15, 18    -0.004         25.7   Very large          999       256 
15, 21    -0.009         53.4   Very large          999       533 
15, 9     0.108          1.9   Very large          999        18 
12, 24     0.113          9.3     34597290          999        92 
12, 30     0.214         12.2        33649          999       121 
12, 18     0.048          9.2   Very large          999        91 
12, 21     0.059         14.5    471435600          999       144 
12,9     0.029         16.7   Very large          999       166 
24, 30         0          100         4368          999       999 
24, 18    -0.017         75.7   Very large          999       756 
24, 21     -0.03          100      4457400          999       999 
24, 9     0.321          0.5     54627300          999         4 
30, 18      0.04         58.4       201376          999       583 
30, 21      0.04         59.2        11628          999       591 
30, 9      0.44          1.9        42504          999        18 
18, 21    -0.026         77.2   Very large          999       771 
18, 9      0.21          0.3   Very large          999         2 
21, 9     0.244            1    818809200          999         9 
 
The shallowest CCA assemblages occur between 0-9 m, and include the P. onkodes
assemblage (no. 6.) and P. onkodes/Lithophyllum gr. kotschyanaum assemblage (no.
5). The deeper assemblages are defined by the Mesophyllum/Lithoporella (no. 12,
15-18 m), Hydrolithon gr. munitum (no. 10, 9-27 m), Lithophyllum gr. prototypum
(no. 8, 18-27 m), Lithophyllum pustulatum (no. 4, 6-21 m) and Pneophyllum conicum
(no. 2, 12-27 m). The remaining clusters are found within a larger depth range and
are therefore considered indiscriminant depth assemblages (Figure 4).
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Spogites / Thin P. onkodes / Lithothamnion  (6-27 m)
Hydrolithon gr. munitum  (9-27 m)
Lithophyllum gr. prototypum  (18-27 m)
L.. gr insipidum / S. sulawesensis / H. reinboldii  (3-27 m)
Porolithon onkodes  (0-9 m)
Porolithon onkodes / Lithophyllum gr. kotschyanum  (0-9 m)
Lithophyllum gr. pustulatum  (6-21 m)
Lithophyllum gr. kotschyanum  (0-21 m)
Pneophyllum conicum  (12-27 m)
Neogoniolithon gr fosliei  (3-24 m)
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Figure 2.4: (Previous page.) Cluster analysis of the 180 CCA samples from
windward and leeward sites, defining 12 CCA assemblages (excluding miscellaneous)
using average linking based on Kulczynski (P/A) data. Clusters showing significantly
higher similarity than expected from a random subsample from the entire data set
are indicated by the solid lines, whilst the dashed red lines indicate clusters that
are not significantly different from one another. The absolute depth range and
dominant CCA genera defining each coralgal assemblage is superimposed on the
pre-defined clusters. Vermetid gastropod abundance and average CCA thickness
(mm) per assemblage is shown.
2.4.3 Discussion
Multi-proxy investigations of modern coralgal and associated communities (i.e. coral,
CCA, vermetids) have been used to better constrain palaeodepositional environments
of fossil coralgal assemblages, particularly in the Indo-Pacific (Cabioch et al., 1999b,
2008, Cabioch, 2003, Camoin et al., 1997, 2007, Montaggioni, 2005, Abbey et al.,
2011a). Using both quantitative data of CCA thickness and vermetid gastropod abun-
dance, in conjunction with our newly established coralgal zonation distribution pat-
terns, we define two shallow and four deep coralgal assemblages and discuss their
implications for better interpreting palaeoenvironmental settings in the GBR. These
six assemblages are also compared to previously established Indo-Pacific coralgal as-
semblages to investigate similarities and/or differences in composition and distribution
within our representative GBR study site, the details of which are summarised in Fig-
ures 5 and 6 and Table 6.
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Table 2.6: Summary of the key components and modern depositional environ-
ments of the main coralgal assemblages and their likely palaeo-depositional reef
growth phase.
Coralgal 
Assemblage 
Key Components Modern depositional 
environment  
Likely palaeo-
depositional reef 
growth phase  
Coralgal 
Assemblage 
1  
 
Thick crusts of CCA (P. onkodes and 
L gr. Kotschyanum), abundant 
vermetid gastropods and corymbose 
(Acropora gr. 21, Pocillopora), robust 
(Acropora gr. 7) and encrusting 
(Isopora palifera) corals 
Shallow water (0-6 m), high 
energy environments, 
characteristic of upper reef 
slopes and outer reef flats, 
typical of windward margins 
 
Keep-up or initial still-
stand reef growth 
    
Coralgal 
Assemblage 
2 
Thick crusts of CCA (P. onkodes and 
L gr. Kotschyanum), abundant 
vermetid gastropods and corymbose 
(Acropora gr. 21, Pocillopora, 
stylophora), and columnar (Isopora 
palifera) corals  
 
Shallow water (0-3 m), high 
energy environments, 
characteristic of upper reef 
slopes and outer reef flats, 
specifically on leeward margins 
 
Keep-up or initial still-
stand reef growth 
Coralgal 
Assemblage 
3a 
 
Thin crusts of CCA 
(Mesophyllum/Lithoporella, 
H.munitum, L gr. Prototypum, P. 
conicum with associated L gr. 
pustulatum and 
Spongites/Lithothamnion ), scarce 
vermetid gastropods and tabulate 
(Acropora gr. 19 & 18) corals with 
associated digitate (Acropora gr. 22) 
encrusting (Montipora) and massive 
(Porites) corals 
 
Semi-exposed, moderate 
energy  environment (6-20 m), 
characteristic of mid-lower reef 
slope, typically on windward 
margins 
Initial catch-up or 
beginning of  reef 
drowning event 
Coralgal 
Assemblage 
3b 
 
The same principal components as 
3a, with the absence of tabulate 
Acropora species 
 
Semi-exposed, moderate 
energy  environment (20-30 m), 
characteristic of mid-lower reef 
slope, typically on windward 
margins 
 
Initial catch-up or 
beginning of  reef 
drowning event 
Coralgal 
Assemblage 
4a 
 
Thin crusts of CCA 
(Mesophyllum/Lithoporella, 
H.munitum, L gr. Prototypum, P. 
conicum with associated L gr 
pustulatum and 
Spongites/Lithothamnion ), scarce 
vermetid gastropods and tabulate 
(Acropora gr. 19), massive (Porites, 
Lobophyllia) and thin branching 
(Seriatopora) corals 
 
Semi-exposed, low energy  
environment (6-20 m), 
characteristic of mid-lower reef 
slope, typically on protected 
leeward margins 
Initial catch-up or 
beginning of  reef 
drowning event 
Coralgal 
Assemblage 
4b 
 
The same principal components as 
4a, with the absence of tabulate 
Acropora species 
 
Semi-exposed, low energy  
environment (20-30 m), 
characteristic of mid-lower reef 
slope, typically on protected 
leeward margins  
 
Initial catch-up or 
beginning of  reef 
drowning event 
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Figure 2.5: (Previous page.) Idealized reef profile, showing the relationship be-
tween modern biozonation, water depth and energy at the windward and leeward
sites of One Tree reef. Dominant coralgal assemblages are defined based on com-
mon coral, CCA and vermetid gastropod abundance, thickness and composition at
distinct depth intervals.
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(shallow windward) 
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(shallow leeward) 
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(deep leeward) 
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Figure 2.6: Dominant coralgal components within each modern assemblage in-
cluding; A) Pocillopora (poc), Acropora gr. 21 (A. 21) and encrusting Isopora
palifera (i.e), B) Pocillopora (poc), Acropora gr. 21 (A. 21), columnar Isopora pal-
ifera (c. i) and Sytlophora, C) Acropora gr. 19 and 18 (A.19, A.18), D) Lobophyllia
(lob), Seriatopora (ser) and Fungia (fun), E) Think algae crust and abundant ver-
metid gastropods dominating coralgal assemblages 1 and 2 and F) Thin algae crust
and scarce vermetid gastropods dominating coralgal assemblages 3 a/b and 4a/b.
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2.4.4 Coralgal Assemblage 1 (Shallow, 0-6 m, windward mar-
gin)
Coralgal assemblage 1 is defined as a shallow water (0-6 m) high energy assemblage,
characteristic of upper reef slopes or outer reef flats, typically on windward mar-
gins. The dominant components of this assemblage include thick CCA (5-35 mm) (P.
onkodes and Lithophyllum gr. kotschyanum with associated Peyssonnelia), abundant
vermetid gastropods (5 > 15) and corymbose, robust and encrusting corals (Figure
5 and 6). Specifically, the dominant corals include Acropora gr. 21, Acropora gr.
7, Encrusting Isopora palifera and Pocillopora. This coralgal assemblage is compara-
ble to the ’robust branching coral facies’ of both French Polynesia (Cabioch et al.,
1999a) and the Indo-Pacific (Montaggioni, 2005), and is consistent with the wave-
exposed habitat coral community (Isopora palifera, Acropora humilis gr) identified
across multiple reefs in the modern GBR, dominating the submerged reef flat zone
(Done, 1982, 1983a). Specifically in French Polynesia, corymbose to robust branching
Acropora species, encrusted by thick (> 5 mm) Porolithon algae have been identified
in near-surface, high energy settings of 0-6 m (Cabioch et al., 1999a, 2008). Sim-
ilarly, in the GBR, modern species of Isopora palifera are typically found at depths
less than 6 m (Done, 1982, Done, 1983b, Wallace, 1999), whilst in Ryukyu Islands
modern species of Pocillopora peak in abundance at just 1.5 m (Sugihara et al., 2003).
In the most comprehensive examination of modern CCA distribution across the mod-
ern GBR, Dean et al., (2015) identified P. onkodes as the dominant modern species,
occurring on reef crest and reef flat habitat zones (< 5 m) across the northern, central
and southern GBR. In the Indo-Pacific, both fossil and modern species of P. onkodes
have been found to dominate in shallow water, high-energy environments, in < 10 m
(Braga and Aguirre, 1997, Ringeltaube and Harvey, 2000, Webster and Davies, 2003b,
Abbey et al., 2011b) and < 6 m when associated with robust to corymbose branching
Acropora sp. (Laborel, 1986, Cabioch et al., 1999b, Dechnik et al., 2015). Similarly,
Neogoniolithon gr. fosliei has been identified in shallow water environments in French
Polynesia (Cabioch et al., 1999a), the Solomon Islands (Morton, 1973) Papua New
Guinea (Webster et al., 2004b) and Hawaii (Adey et al., 1982), often co-occurring with
P. onkodes. In the GBR, Dean et al. (2015) found modern species of Neogoniolithon
gr. fosliei to be most dominant on the reef crest (∼2-6 m), whilst in the northern GBR
fossil assemblages associate with Neogoniolithon gr. fosliei were identified in < 10 m
palaeowater depth (Webster and Davies, 2003b, Braga and Aguirre, 2004b). However,
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a much wider depth distribution is observed in this study (3-24 m) and thus we do not
consider it a reliable shallow water indicator species by itself, unless co-occurring with
P. onkodes and other shallow-water associated corals.
Lithophyllum species have typically been associated with deeper water coralgal as-
semblages, characteristic of mid-lower reef slopes or more turbid environments ( > 10
m), with only minor thin crusts identified in < 10 m water depth (Webster and Davies,
2003b, Braga and Aguirre, 2004b, Cabioch et al., 1999a, Abbey et al., 2011b). How-
ever, we note in this study that thick crusts of Lithophyllum gr. kotschyanum have
a much wider depth distribution (0-21 m) and commonly co-occur with P. onkodes
in water depths of 0-9 m. Thus, in the context of other shallow coralgal genera in
this assemblage, we consider this group to be associated with shallow water, high-
energy environments. Moreover, this shallow water coralgal assemblage is associated
with abundant (5 > 15) vermetid gastropods. The presence or absence of vermetid
gastropods, in conjunction with coralgal assemblages has been used extensively, par-
ticularly in the fossil record, to determine the palaeodeposition of reef communities.
Specifically, the presence of vermetid gastropods encrusting thick P. onkodes is often
associated with deposition in < 6 m and sometimes < 3 m palaeowater depth (Laborel,
1986, Cabioch et al., 1999a, Camoin et al., 2012, Dechnik et al., 2015). Whilst our
results are largely consistent with these findings, vermetid gastropods, albeit scarce,
were found at depths down to 30 m (Figure 4). Thus, we suggest that quantitatively
determining the abundance of vermetid gastropods, as opposed to basic presence/ab-
sence data, is necessary to accurately constrain the palaeodepositional environment.
In conclusion, the high-energy settings in which this modern coralgal assemblage cur-
rently thrives, suggests its fossil counterpart (composed of similar Acroporid/Isopora
genera) would likely be deposited during ’keep-up’ reef growth phases or the final stage
of ’catch-up’ reef growth, where water depths would have been relatively shallow (<
6 m) and most likely deposited on high-energy, windward margins (Figure 7). It is
distinctly different from the ’algal pavement’ facies described by Marshall and Davies
(1982b), which represents growth during a prolonged stillstand period, when the reef
has been at sea level for a much longer period of time (i.e. > 3 ka) and is characterised
by thick algal crusts and limited coral growth. However, we note that distinguishing
’keep-up’ growth from ’stillstand’ growth may remain difficult in core, if based purely
on coralgal assemblage data. Hence, additional dating is often required to provide an
accurate palaeodepositional history.
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2.4.5 Coralgal Assemblage 2 (Shallow, 0-3 m, leeward margin)
Coralgal assemblage 2 is defined as shallow water (0-3 m), high-energy assemblage,
characteristic of upper reef slopes or outer reef flats, specifically on the leeward mar-
gin. Similar to coralgal assemblage 1, it is defined as having thick CCA (P. onkodes
and Lithophyllum gr. kotschyanum with associated Peyssonnelia), abundant vermetid
gastropods (5 > 15), and composed of Acropora gr. 21 and Pocillopora. However,
Acropora gr. 7, encrusting Isopora palifera, and Acropora gr. 19 are replaced by
columnar Isopora palifera and Stylophora (Figures 5 and 6). Whilst modern species
of Stylophora are thought to be quite common on most shallow reef environments in
the GBR (Veron and Pichon, 1976, Veron, 2000a), it is rarely classified as a dominant
component of fossil coralgal assemblages, at similar depth intervals (Braithwaite et
al., 2000, Webster and Davies, 2003b, Dechnik et al., 2015). In this study it was only
found to significantly dominate on the leeward margin (Figure 6). Hence, its unique
composition and preference to dominate on only protected margins can be used to
discriminate growth on leeward margins in the fossil record.
The columnar morpho-type of Isopora palifera was only found to be statistically sig-
nificantly abundant on the leeward slope, from 0-3 m (Table 2, Figure 5). Individual
species exhibiting morphologic zonation in differing reef zones has been well docu-
mented in the modern reef (Veron and Pichon, 1976, Veron, 2000a, 1986b, Kan et
al., 1995, Cabioch et al., 1999a). In high-energy environments such as the outer reef
flat, corals exhibit morphological adaptation to mechanical stress, where compact thick
branching and encrusting growth forms dominate (Veron, 2000a, 1986b). Thus, in this
study the dominance of columnar Isopora branches on the leeward margin, as opposed
to encrusting forms on the windward, likely represents an adaptation to the lower
energy, protected nature of the leeward margin. In the Indo-Pacific, Done (1983b)
identified similar morpho-zonation of Isopora palifera, with columns, knobs and micro-
atolls occurring in calm, shallow waters, and low ridge encrusting forms dominating
in strong wave environments. Thus, in this study and most likely in other protected
leeward margins of the GBR, columnar Isopora palifera may represent a distinctive
shallow-water (0-3 m) palaeoenvironmental indicator, similar to Acropora palmata,
the mono-specific shallow-palaeowater depth indicator in the Caribbean (Lighty et al.,
1982). We therefore suggest that when this finite environmental-depth indicator is
observed in the context of other coralgal genera defined in this assemblage, the fossil
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counterpart of this coralgal community would represent deposition during the begin-
ning of a stillstand period or the final stage of ’catch-up’ reef growth. This would
most likely occur on a protected leeward margins, at or very-near modern sea level
(0-3 m), but not for a substantial enough period to form the ’algal pavement facies’
described by Marshall and Davies (1982b). Alternatively, it could represent a ’keep-up’
reef growth phase where the reef has closely tracked sea level, during a transgression
period (Figure 7).
2.4.6 Deep, windward coralgal Assemblage 3a (6-20 m) and
3b (20-30 m)
Coralgal assemblage 3a is defined as a deep (6-20 m), moderate wave energy assem-
blage, characteristic of mid-lower windward reef slopes. It is principally composed of
thin CCA, low abundance of vermetids (< 5) and tabulate Acropora (gr. 19 and
gr. 18) with associated digitate (Acropora gr. 22) encrusting (Montipora) and mas-
sive (Porites) corals (Figures 5 and 6). This coralgal assemblage is comparable to
the ’tabular-branching coral facies’ of both French Polynesia (Cabioch et al., 1999a)
and the Indo-Pacific (Montaggioni, 2005) and is consistent with the semi-exposed
to sheltered habitat coral community identified across multiple reefs in the modern
GBR (Done, 1982, 1983a). Whilst investigations into the zonational distribution of
coral genera in this study (i.e. at OTR) were limited to a maximum of 15 m below
Present Mean Sea Level (PMSL), analogues tabular branching species (A. hyacinthus,
A. cytherea, A. subulata), in the wider Indo-Pacific rarely exceed depths greater than
15-20 m (Cabioch et al., 1999a, Montaggioni, 2005). Thus a second sub-assemblage
(3b) is defined from 20-30 m, composed of the same principle components as 3a,
excluding the tabular Acropora branching species. Domal/branching Porites and en-
crusting Montipora genera have previously been identified as the dominant corals at
these deeper intervals (Webster and Davies, 2003b, Montaggioni, 2005, Abbey et al.,
2011b).
Both of these deeper assemblages are also characterized by thin CCA and scarce ver-
metid gastropods (< 5) (Figure 5). Whilst a wider range of CCA genera occur from
6-30 m (Figures 4 and 5), if dominated by thin crusts of Mesophyllum/Lithoporella, H.
munitum, L. gr. prototypum and P. conicum, deposition most likely occurred in water
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depths > 9 m (Figure 5). Assemblages dominated by Lithophyllum and Mesophyllum
genera with minor mastophoroids, are typical of shallow-water temperate environments
and have been associated with cooler or relatively deeper water (> 10 m) in the GBR
(Webster and Davies, 2003a, Braga and Aguirre, 2004a) and Tahiti (Cabioch et al.,
1999a, Abbey et al., 2011b). Specifically at Heron Reef, in the southern GBR, species
of Lithothamnion were most common at 10 m below PMSL (Ringeltaube and Harvey,
2000), whilst thin crusts of Mesophyllum species were most abundant between 10-30
m in French Polynesia (Cabioch et al., 1999a, Abbey et al., 2011b). Thus the deeper
depth range constrained by these modern, deeper coralgal assemblages suggest their
fossil counterpart would represent growth at the beginning of either a ’catch-up’ reef
growth phase or a ’reef-drowning event’, where palaeo sea levels would most likely be
6-30 m above the living reef (Figure 7).
2.4.7 Deep, leeward coralgal Assemblage 4a (6-20 m) and 4b
(20-30 m)
Coralgal assemblages 4a/b have the same depositional setting at coralgal assemblages
3a/b, however they typically occur on more protected, leeward slopes. Both assem-
blages 4a/b are characterised by thin CCA (< 5 mm), scarce vermteid gastropods
(0-5) and the same principle coralgal components as 3a/b. However, encrusting Mon-
tipora, and Acropora gr. 18 and 22 are replaced by more abundant Lobophyllia and
Seriatopora. Tabulate Acropora species are also presumed absent below 20 m and
thus a second sub-assemblage (4b) is defined from 20-30 m, composed of the same
principle components as 4a, excluding the tabular Acropora branching species. In the
GBR modern species of Seriatopora typically occur on upper reef slopes of protected
reef margins, whilst Lobophyllia species are common on mid-lower reef slopes, in low-
energy, more turbid waters (Done, 1982, Veron, 2000a). Whilst Seriatopora species
are less common in the fossil record, Lobophyllia has been identified as a dominant
component in Holocene deposits on low-energy reefs slopes in water depth > 7 m in
Japan (Hongo and Kayanne, 2010) and between 6-25 m in the Western Indian Ocean
(Montaggioni and Faure, 1997). No directly comparable assemblages have previously
been identified, however, the ’domal coral facies’ from the Indo-Pacific (Montaggioni,
2005) is associated with mussidae (Symphyllia/Lobophyllia) type corals, characteristic
of sheltered back reef zones. Hence, similar to 3a/b the fossil counterpart of these
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deeper coralgal assemblages would most likely occur in the initial stages of either of a
’catch-up’ or ’reef-drowning’ growth phase, on more protected and/or turbid environ-
ments, such as back reef lagoons or leeward margins (Figure 7).
2.5 Conclusions
Based on a detailed examination of the distribution, thickness and abundance of mod-
ern coralgal genera and associated reef biota at OTR, our GBR representative study
site, six coralgal assemblages were defined, including: two shallow, high energy as-
semblages (Coralgal Assemblage 1 and 2) and four deep, low energy assemblages
(Coralgal Assemblages 3a/b and 4a/b). Whilst these multi-proxy assemblages are
broadly consistent with similar shallow and deep coralgal assemblages of the Indo-
Pacific, slight variations in the depth distribution of individual genera (e.g. Lithophyl-
lum gr. Kotschyanum, Neogoniolithon gr. fosliei and morpho-types of Isopora), our
quantitative description of CCA thickness and vermetid gastropod abundance allow
the depositional setting of our GBR study site to be more concisely constrained. Us-
ing the above data, the implications of each newly defined coralgal assemblage for
reconstructing palaeodepositional environments is discussed and their likely context
within the framework of the main reef growth phases assessed. Here, growth during
the initial stages of a still stand and/or ’keep-up’ reef growth phases were associ-
ated with coralgal assemblages 1 and 2, whilst initial ’catch-up’ and/or reef drowning
events were associated with coralgal assemblages 3a/b and 4a/b. However, we note
that the vertical transition from deep to shallow coralgal assemblages could also be
produced by lateral progradation as opposed to a vertical shift from deep to shallow
water depth. For example, a reef flat composed of coralgal assemblages 1 and 2 could
prograde laterally (windward or lagoonward) over the top of coralgal assemblages 3a/b
and 4 a/b, which would produce a similar ’catch-up’ response in core, despite growth
in relatively stable sea level conditions (Webster and Davies, 2003a, Woodroffe and
Webster, 2014). Hence, whilst the distinct zonal distribution in which these modern
biological reef communities thrive allows us to reconstruct past sea level and environ-
mental changes from similar fossil reef deposits, additional age data, preferably from
closed spaced reef-core transects is often required to distinguish lateral vs vertical ac-
cretion patterns in core.
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3.1 Abstract
Extensive drilling of the Great Barrier Reef (GBR) in the 70s and 80s illuminated the
main factors controlling reef growth during the Holocene. However, questions remain
about: (1) the precise nature and timing of reef “turn-on” or initiation, (2) whether
consistent spatio-temporal patterns occur in the bio-sedimentologic response of the
reef to Holocene sea-level rise then stability, and (3) how these factors are expressed
in the context of the different evolutionary states (juvenile-mature-senile reefs). Com-
bining 21 new 14C-AMS and 146 existing re-calibrated radiocarbon and U/Th ages,
we investigated the detailed spatial and temporal variations in sedimentary facies and
coralgal assemblages in fifteen cores across four reefs (Wreck, Fairfax, One Tree and
Fitzroy) from the Southern GBR. Our newly defined facies and assemblages record dis-
tinct chronostratigraphic patterns in the cores, displaying both lateral zonation across
the different reefs and shallowing upwards sequences, characterised by a transition from
deep (Porites/faviids) to shallow (Acropora/Isopora) coral types. The revised reef ac-
cretion curves show a significant lag period, ranging from 0.7-2 ka, between flooding
of the antecedent Pleistocene substrate and Holocene reef “turn-on”. This lag period
and dominance of more environmentally tolerant early colonizers (e.g., domal Porites
and faviids), suggests initial conditions were unfavourable for coral growth. We con-
tend that higher input of fine siliciclastic material from regional terrigenous sources,
exposure to hydrodynamic forces and colonisation in deeper waters are the main fac-
tors influencing initially reduced growth and development. All four reefs record a time
lag and we argue that the size and shape of the antecedent platform is most important
in determining the duration between flooding and recolonisation of the Holocene reef.
Finally, our study of Capricorn Bunker Group Holocene reefs suggests that the size
and shape of the antecedent substrate has a greater impact on reef evolution and final
evolutionary state (mature vs. senile), than substrate depth alone.
3.2 Introduction
Fossil reefs provide important archives into past episodes of environmental change,
(Pandolfi and Greenstein, 2007) which can be used to predict the response of mod-
ern reefs to future changes (Correge, 2006). Drilling investigations undertaken in the
GBR during the 1970s-80s greatly improved our understanding of how reefs responded
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to abrupt climatic changes over the last 10 ka (Davies et al., 1985a; Davies, 1974;
1977b; Davies and Hopley, 1983b; Davies and Kinesy, 1977; Harvey and Hopley, 1981;
Marshall and Davies, 1982a). These and parallel studies of reefs in the Caribbean
(Neumann and Macintyre, 1985), established the key relationship between Holocene
reef growth and sea-level rise (Davies et al., 1985a; Davies and Marshall, 1980) and
identified specific reef growth strategies (i.e. catch-up/keep-up reefs).
Whilst a 1.2-2 ka time lag between the post-glacial sea-level rise and first coloni-
sation of coral reef builders (i.e. “turn-on”) has been widely reported on the GBR
(Davies, 1977a; Davies and Hopley, 1983a; Davies et al., 1985a; 1984; 1985; Marshall
and Davies, 1982a), the precise timing and response of reefs to the Holocene “turn-on”
remains controversial (Hopley et al., 2007; Smithers et al., 2006). Local enrichment
of nutrients, unsuitable oceanographic factors and lack of larval recruitment are con-
sidered to be the main factors inhibiting initial reef growth (Davies and Hopley, 1983a;
Davies et al., 1985b; Marshall and Davies, 1985). Similar conditions and their impact
on Holocene reef turn-on have been reported in the wider Indo-Pacific (Cabioch et
al., 1995; Camoin et al., 1997c; Montaggioni and Faure, 1997) and Caribbean (Adey,
1978; Corts et al., 1994; Hubbard et al., 2013; Macintyre, 1988; Neumann and Mac-
intyre, 1985). A recent review of 21 inner and mid shelf reefs from the central GBR
contradicts these findings (Smithers et al., 2006), suggesting that these apparent lags
are artefacts of the dataset. The authors of this review claim that corals used for dat-
ing were detrital rubble (i.e. not in place) in origin and sampled in some cases several
meters from the presumed antecedent surface, producing artificial time lags. As the
early Holocene represents a period of significant climatic change, understanding the
precise nature and timing of the “turn-on” is imperative as it may offer insight into
the important factors influencing reef initiation and development.
Nevertheless, using the available age data, knowledge of reef accretion and palaeoen-
vironmental interpretations, Davies and co-authors (Davies and Hopley, 1983a; 1985;
Marshall and Davies, 1982a) developed the widely accepted model of reef development
in the GBR. This three phase model is characterized by: 1) an initial lag period of
1.2-2 ka followed by rapid and vertical accretion of reef facies from 8-6 ka, with sea-
level rise. Branching framework types predominate most reefs beneath windward and
leeward margins. Reef growth was thought to be rapid as it accreted vertically to keep
up with sea-level rise, 2) between 6 ka and 4 ka, sea-level had stabilised and accre-
tion slowed as both the windward and leeward margins approached pmsl, developing
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thick algal crusts, and 3) between 4 ka to present lateral accretion dominated, expan-
sion of the leeward and patch reef margins began, in conjunction with lagoonal infilling.
Whilst this classic three phase model reflects the general reef evolution and core compo-
sition, more detailed analyses of coralgal communities in the South Pacific (Cabioch et
al., 1999; Cabioch et al., 1995) and south-western Indian Ocean (Camoin et al., 1997c;
Montaggioni and Faure, 1997) reveal more complex facies and assemblage patterns are
possible for Holocene reefs. Distinct reef sequences have been identified with an overall
shallowing upwards succession of deeper water (20-6 m) massive colonies of Porites
and branching Acropora species overlain by robust branching shallower water (<6 m)
communities (e.g Acropora robusta/Isopora palifera). The resulting well constrained
palaeowater depth estimates allowed the accurate reconstruction of palaoenvironmen-
tal history of sea-level and reef development (Cabioch et al., 1999; Camoin et al.,
1997c). Few such detailed investigations of coralgal assemblage variations have been
undertaken in reef cores from the outer GBR (Braithwaite, 2004; Webster and Davies,
2003b) with previously published basic facies schemes (i.e. branching and massive
framework) (Figure 1) allowing only broad palaeoenvironmental interpretations to be
made.
Regional variations in modern reef morphology also exist across the GBR, where depth,
size and shape of the underlying antecedent surface represent controlling factors (Ho-
pley, 1982a). A simple but elegant classification model distinguishes different evolu-
tionary states including; juvenile, mature and senile reefs (Hopley, 1982a). According
to this model the juvenile stage represents the first period of reef growth where a
reef rapidly accretes vertically to keep pace with a rising sea-level. The progression
from mature (e.g., One Tree and Fitzroy reefs) to senile (Wreck and Fairfax reefs)
stages occurs when reefs are able to catch up with sea-level and the direction of ac-
cretion shifts from vertical to lateral, ultimately resulting in a completely in-filled and
flat topped profile. (Davies and Marshall, 1980; Hopley, 1982b). This evolutionary
classification model was first used to classify the reefs of the Capricorn Bunker Group
(Davies and Marshall, 1980) and later extended to the entire GBR region (Hopley,
1982b). However, when this classification was first developed few boreholes had pene-
trated the Pleistocene boundary, with the base of the Holocene surface often estimated
from seismic refraction data (Barrett and Webster, 2012b; Harvey, 1977; Hopley et al.,
2007). Recent numerical modeling (Barrett and Webster, 2012b) of Holocene outer-
shelf reef growth tested the assumptions made by the classical model and found shape
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Figure 3.1: Core logs showing composition and distribution of the basic sedimen-
tary facies previously described in the Capricorn Bunker Group reef cores. Adapted
from Marshall and Davies (1982, 1984).
and depth of the basement substrate to have the greatest influence on reef maturity,
as first suggested by Davies (1979; 1983b) and Hopley (Hopley, 1982b). These reefs
in the southern GBR (Fitzroy, One Tree - mature; Fairfax, Wreck - senile) (Davies,
1983) represent an ideal laboratory to re-assess which factors (size, shape and mor-
phology of the antecedent platform), within the context of improved age constraints
and paleoenvironmental data, have the strongest influence on reef development and
ultimate evolutionary state.
We present an analysis of new and existing chronostratigraphic data from reefs of
the Capricorn Bunker Group, and investigate the spatio-temporal variations in newly
defined lithologies and coralgal assemblages during the Holocene development of the
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GBR. Our specific objectives are to: 1) establish the precise depth and timing of
the Holocene “turn-on” based on a comprehensive new age data base, 2) define the
spatial and temporal patterns of variations in coralgal assemblages and discuss their
implications for changes in palaeoenvironmental conditions during the initial flooding,
sea-level rise and stillstand stages of the Holocene; and 3) re-assess the main con-
trolling factors (size, depth and morphology of antecedent platform) that influence a
reef’s state of maturity.
3.3 Location and Methods
3.3.1 Study Sites
3.3.1.1 Regional setting, climate and oceanography
The twenty-two reefs comprising the Capricorn Bunker Group form a distinct geomor-
phic province in the southern GBR. These reefs occur on the mid to outer shelf and are
structurally delineated along the Bunker and Swains highs, occurring approximately 70
km off shore (Davies and Hopley, 1983a). Of the four reefs chosen for analysis in this
paper, Wreck Reef is the most northerly located with One Tree, Fitzroy and Fairfax
reefs occurring further south (Figure 2, Table 1).
The Capricorn Bunker region has a subtropical climate with a yearly mean temperature
of 24.5 degrees and mean annual rainfall of 1047 mm (Ludington, 1979). Sea-surface
temperatures (SST) vary from a summer maximum of 27◦C, to a winter low of 21.5◦C
(AIMS, 2014). Winds are predominantly from the south-east, with an average offshore
wave height of 1.5 m (Harris et al., 2011). The reefs are subjected to semidiurnal tides,
with an average spring tidal range of 3 m (Vila-Concejo et al., 2013).
3.3.2 Core collection and logging
The shallow cores for this study were collected by the Bureau of Mineral Resources
(BMR), now Geosciences Australia, between 1976 and 1981. A portable hydraulic
drilling rig (54 mm) was used to collect the 15 cores, with intervals ranging from 10
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Figure 3.2: A) Position of the Capricorn Bunker Group relative to the GBR,
B) Position of Wreck, Fairfax, One Tree and Fitzroy within the Capricorn Bunker
Group, C) Wreck Reef with marked positions of the four bore holes drilled, D)
Fairfax Reef with marked positions of the three bore holes drilled E) One Tree
Reef with marked position of the 6 bore holes drilled, F) Fitzroy Reef with marked
positions of the two bore holes drilled.
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cm to 40 cm (Davies et al., 1986; Davies and Hopley, 1983b; Marshall and Davies,
1982a) and core recovery ranging from 56% to 100% (Table 1).
Table 3.1: Drilling summary of key sites.
Reef Core ID 
Environment 
Drilled 
Core Depth (m) 
Percent core  
Recovery 
Wreck Reef WRK-1 Leeward 0.1-10.5 100% 
(23.33ᶿS,151.58ᶿE) WRK-2 Leeward 0-6 79% 
Size of reef = 3 x 2 km WRK-3 Windward 0-7.45 69% 
Lagoon depth =  N/A WRK-4 Leeward 0-6 100% 
One Tree Reef OTI-1 Windward 0.2-18.2 100% 
(23.5ᶿS,152.08ᶿE) OTI-2 Windward 0-8.35 90% 
Size of reef = 5.5 x 3.5 km OTI-3 Leeward 0-9.26 95% 
Maximum lagoon depth = 10 m OTI-4 Leeward 0-11.23 65% 
 OTI-5 Leeward 0-20 82% 
 OTI-6 Patch Reef 0-23 100% 
Fitzroy Reef FIT-2 Leeward 0-14.7 73% 
(23.6ᶿS,152.5ᶿE) FIT-3 Windward 0.5-13.5 82% 
Size of reef = 6 x 5 km     
Maximum lagoon depth = 12 m     
Fairfax Reef FFX-1 Leeward 0.25-8 66% 
(23.85ᶿS,152.22ᶿE) FFX-2 Reef Flat 0-9.38 56% 
Size of reef = 3 x 2 km FFX-3 Windward 0.05-12.75 100% 
Maximum lagoon depth = 1-2 m     
	  
Full access to the entire working half of all cores was provided by Geosciences Australia.
However, some sections of core were missing due to previous sub-sampling of material.
These sections of missing core were noted and labelled as “sample missing”. Cores
were re-logged using a combination of sample material, petrographic thin sections and
digital images. Lithologic characteristics, coral identification and the presence (and
thickness) of coralline algal crusts and vermetid gastropods were logged after Abbey
et al. (2011).
Based on available age criteria, seismic data and major lithologic changes (Davies and
Hopley, 1983a; Davies et al., 1986; Davies, 1977c; 1984; 1985; Marshall and Davies,
1982a), two reef sequences were identified in accordance with previous studies: an
upper Holocene sequence and a lower Pleistocene sequence. Taxonomic identification
of coral species is based on taxonomic guides (Veron and Pichon, 1977, 1979, 1982;
Veron, 1986; 2000; Wallace, 1999; Wallace et al., 2007) and comparisons with modern
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specimens. Five sedimentary facies were defined and adapted (Table 2) in accordance
with Integrated Ocean Drilling Program (IODP) Volume 310 proceedings (Camoin et
al., 2007). Coral assemblages were defined based on dominant coral type and common
depositional environments and were used in the description of both the boundstone and
detrital facies. A number of criteria, established by previous drilling studies (Cabioch
et al., 1999; Camoin et al., 2007; Montaggioni et al., 1997b; Webster and Davies,
2003a), were used to determine whether coral colonies were in-situ, including: 1) up-
ward orientation of coral morphology and well preserved corallites, 2) the presence of
geopetals and 3) coral colonies capped by centimetre-thick encrusting coralline algae.
Twenty-nine petrographic thin sections were used for the taxonomic identification of
coralline algal species.
Table 3.2: Summary of the main characteristics of the sedimentary facies observed
in the four reefs.
Sedimentary Facies Dominant Components Associated Biota Taphonomy 
 
Framestone 
 
In-situ coral framework. 
Algal crusts (<1-10 mm). 
 
Vermetid gastropods. 
 
Well preserved to slightly 
abraded skeletal 
preservation. Little to no 
bioerosion.  
Bindstone In-situ coral frameswork 
Encrusting thick algal 
crusts (several cm). 
Vermetid gastropods.  Well preserved to slightly 
abraded skeletal 
preservation. Minimal to 
extensive bioerosion.  
Coral Rudstone Unconsolidated coral 
rubble with no sedimentary 
matrix . 
Vermetid gastropods, 
forams, mollusk fragments. 
Modification of skeletal 
features from well 
preserved to highly 
abraded. Extensive 
bioerosion common. 
Bioclastic Carbonate Sand Unlithified medium to 
coarse sand. Fragments of 
coral clasts present, 
comprising <30% material. 
Forams, mollusk 
fragments. 
Modification of skeletal 
features high. Minimal 
bioerosion. 
Halimeda Rudstone Cemented or unlithified 
Halimeda plates. Fine to 
medium calcareous sand 
and fragments of Tubipora 
sp. found locally. 
Forams. Well preserved to slightly 
abraded  preservation. 
Minimal bioerosion. 
	  
3.3.3 Core Chronology
Our revised chronology for Wreck, Fairfax, One Tree and Fitzroy reefs is based on
a combined chronologic database of 167 calibrated ages including 21 new 14C-AMS
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ages, 140 previously published radiocarbon ages and 6 previously published U/Th ages
(Davies and Hopley, 1983a; Davies et al., 1986; Marshall and Davies, 1984). The
Pleistocene sequence was penetrated in 6 of the 15 cores (OTI-1, OTI-5, OTI-6, FIT-
2, FIT-3 and FFX-3) at depths ranging from 7.4 m to 13.5 m.
Samples free of obvious diagenetic alteration (e.g. cements, staining, borings) and
other detrital mud contamination were chosen for XRD analysis and then dated by
14C-AMS, at Queens University, Belfast (Table 5). XRD analysis was done on a Pan-
alytical X’Pert Pro with CuK radiation at 40 kV/ 40 mA. Samples were run from 3-70
2θ to determine the quantitative carbonate mineralogy of the corals. Qualitative anal-
ysis was carried out using the software package High Score Plus. Thin section analysis
of the few samples (Table 5) that returned significant percentages of high magnesium
calcite (HMC) revealed diagenetic features (e.g. mud infill, bladed and needle-like
cements heterogeneously infilling some intraskeletal coral pore spaces) consistent with
early marine diagenesis (Chiu et al., 2005). These samples were excluded from the
vertical accretion analysis.
Both the new and previously published dates were calibrated using CALIB 6.02 to
correct for the marine reservoir effect while taking into account the best estimate of
the local variance in the southern GBR (∆ R = 8 ± 6) (Druffel and Griffin, 1999).
Ages are reported to 2σ error unless otherwise specified. Vertical reef accretion rates
were measured between in-situ radiometric dates and inflections in accretion curves
are taken to represent variations in growth rates. The rate of vertical accretion was
calculated as the vertical difference between two samples (in meters) divided by the
difference in age (Gischler, 2008; Hubbard et al., 2009). A number of criteria were
used to identify which samples to exclude from the accretion analysis, including those:
1) resulting in negative accretion rates, 2) not in original growth position (i.e. not
in-situ), 3) reporting high HMC and 4) closely spaced with age differences within the
reported error.
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3.4 Results
3.4.1 Coral assemblages and palaeoenvironmental interpreta-
tion
Twenty-two fossil coral species from twenty genera were identified at Wreck, Fairfax,
One Tree and Fitzroy reefs (Table 3). Of the four reefs, One Tree has the highest
coral diversity with eighteen of the twenty genera identified, followed by Fairfax (13
genera), Fitzroy (12 genera) and Wreck (11 genera) reef. Based on coral composition
and comparison with modern coral zonation in the GBR (Done, 1982; Veron, 1986)
and Indo-Pacific (Cabioch et al., 1999; Davies and Montaggioni, 1985; Montaggioni,
2005), we identified four main coral assemblages and their palaeoenvironments (Table
4, Figure 3) within the context of five sedimentary facies: Coral Rudstone, Framestone,
Bindstone, Unlithified bioclastic carbonate sand and Halimeda Rudstone (Figure 4, Ta-
ble 2).
Figure 3.3: Photographs showing principle components of coral assemblages A)
A1 B) A2 C) B1 D) B2.
Assemblage A1 is characterised by fine-medium branching Acropora sp. and fine-
medium corymbose branching Acropora sp. (e.g., humilis gp; latistella gp; nasuta gp;
aspera gp) with associated branching Millepora and massive Goniastrea sp. Through-
out the modern GBR, Done (1982), Veron (1986) and van Woesik and Done (1997)
observed similar Acropora dominated assemblages on upper reef slopes and outer reef
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Figure 3.4: Photographs showing principle components of sedimentary facies
A) Framestone B) Bindstone C) Coral Rudstone D) Bioclastic Carbonate Sand E)
Halimeda Rudstone and F) Pleistocene limestone.
flats, characterised by high energy, wave exposed, shallow water environments, usually
at depth of 0-10 m. Thus we interpret the paleoenvironment of this assemblage as
a shallow (0-10 m), high energy, upper reef slope and outer reef flat setting, likely
exposed to strong wave action.
Assemblage A2 is dominated by massive or robust branching Isopora and branch-
ing Pocillopora and Stylophora sp. with associated branching Acropora sp. In the
Indo-Pacific, massive or robust branching Isopora sp. are associated with high energy,
shallow water environments similar to that of robust and corymbose branching Acro-
pora (Davies and Montaggioni, 1985; Done, 1983; Montaggioni, 2005; Veron, 1986).
Specifically in the GBR Done (1983) identified I. palifera zone on the outer reef flat
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of modern reef platforms, exposed to the highest wind and wave energy. In south-
east Taiwan, Inoue et al. (2011) reported Isopora sp. peak abundance on reef flat
environments in water depths of less than 1 m and between 1-5 m when associated
with corymbose Acropora sp. Similarly, Hongo and Kayanne (2011) found comparable
assemblages of Isopora and Acropora in water depths of 0-7 m on the high energy,
low turbidity reef crests and upper reef slopes of the Palau and Ryukyu Islands. Both
Pocillopora sp. and Stylophora sp. have been identified on reef flat environments at
less than 7 m in the north-west Pacific (Hamanaka et al., 2012; Hongo and Kayanne,
2011; Sagawa et al., 2001), less than 6 m in Tahiti (Montaggioni et al., 1997b) and
between 0-5 m in the South-West Indian Ocean (Camoin et al., 1997b). Therefore
assemblage A2 most likely represents a high energy, wave exposed environment similar
to modern day upper reef slopes and outer reef flats, occurring in water depths as deep
as 10 m but more likely <7 m.
Assemblage B1 is characterised by massive Porites sp. (e.g., P. lutea, P. australiensis)
and faviids (e.g., Favia sp., Favities sp., Platygyra sp., Leptoria sp.) with associated
branching Porites sp. and encrusting Montipora sp. Although present day poritid/-
faviid communities are widely distributed, they tend to be confined to a single broad
environmental zone of moderate wave energy, such as on semi-exposed reef flats, fore
reef and back reef margins (Done, 1982; Montaggioni, 2005). In the north-west Pacific,
Hongo and Kayanne (2011) observed massive Porites sp. in lower energy environments
in water depths of 0-5 m. In Tahiti Montaggioni et al. (1997a) interpreted massive
Porites sp. deglacial communities as representing water depths of 5-15 m, whilst in
the Ryukyu Islands modern species of massive faviids tended to dominate the upper
reef slopes (Sagawa et al., 2001; Sugihara et al., 2003). Thus the palaeoenvironment
of assemblage B1 is interpreted as a lower energy, semi-exposed environment charac-
teristic of back reef margins and inner reef flats, in water depths of 0-15 m.
Assemblage B2 is characterised by massive Favia sp. (gp. 3) and Goniopora sp. with
associated massive Hydnophora sp. (H. microconos), free living Fungia sp. and lami-
nar Echinopora sp. This assemblage is associated with the similar lower energy settings
of assemblage B1 (Done, 1982). However, the occurrence of Goniopora, Hydnophora
and Echinopora sp. also suggests more turbid, sheltered settings, common in lagoonal
environments and inner reef flats (Done, 1983; Veron, 1986). Therefore we interpret
this assemblage as representing lower energy environments with increased turbidity,
such as in lagoons and leeward inner reef flats, in water depths of 0-15 m.
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3.4.2 Coralline algal assemblage and palaeoenvironmental in-
terpretation
Coralline algae play a major role as reef encrusters showing depth-related habitat pref-
erences, thus making them an ideal indicator of palaeoenvironment. Further, when
combined with corals they provide robust palaeowater depth constraints (Braga and
Aguirre, 2004). However, only one distinct assemblage − the Porolithon onkodes as-
semblage, was identified from coralline algal crusts, co-occurring with all four coral
assemblages (Table 3). The P. onkodes assemblage is dominated by Porolithon sp.,
specifically P. onkodes (= Hydrolithon onkodes), and P. reinboldii with secondary
Lithophyllum sp., Spongites sp. and Neogoniolithon sp. Algal crusts >5 mm dom-
inate, with abundant vermetid gastropods. Throughout the Indo-Pacific these living
coralline algal species are associated with shallow water (0-10 m), warm tropical, high
energy environments, characteristic of upper reef slopes, outer reef flats and coralgal
rims (Adey, 1986; Cabioch et al., 1999; Webster and Davies, 2003b). When associ-
ated with vermetid gastropods this assemblage likely developed in water depths <6 m
(Laborel, 1986).
3.4.3 Holocene reef growth and composition
Analysis of the spatial and temporal variations in coralgal assemblages from the fifteen
cores across four reefs of the Capricorn Bunker Group are summarised below, the
details of which are shown in Table 5 and 6 (See also Table 1 in supplementary tables)
and Figures 5, 6 and 7.
3.4.3.1 Wreck Reef
The base of the Holocene cores at Wreck were not reached, thus reef initiation remains
unconstrained. However, based on the deepest dated new and existing radiocarbon
ages reef growth began no later than 6.51(±0.11, 0.10)-6.08 (±0.27, 0.26) ka for
the windward (WRK-3) and leeward margins (WRK-2 and WRK-4). Growth began
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Figure 3.5: Reef growth curves and accretion rates for A) Wreck B) Fairfax
reefs C) One Tree and D) Fitzroy. Vertical accretion rates were measured between
radiocarbon dates of in-situ corals, closed circles (open circles denote dates not
in-situ) (see methods and Tables 4 & 5 for details). (x) Denotes samples chosen
for reef accretion calculations. Sea-level curve for Southeast Australia proposed by
Sloss et al (2007). Radiometric errors are given to 2σ.
Chapter 3. Holocene “turn-on” & evolution of the Southern GBR 78
F
ig
u
r
e
3
.6
:
L
oggin
g
su
m
m
aries
of
th
e
sp
atial
an
d
tem
p
oral
b
io-lith
ologic
variation
s
in
W
reck
an
d
F
airfax
R
eefs.
Chapter 3. Holocene “turn-on” & evolution of the Southern GBR 79
F
ig
u
r
e
3
.7
:
L
og
gi
n
g
su
m
m
ar
ie
s
of
th
e
sp
at
ia
l
an
d
te
m
p
or
al
b
io
-l
it
h
ol
og
ic
va
ri
at
io
n
s
in
O
n
e
T
re
e
an
d
F
it
zr
oy
R
ee
fs
.
Chapter 3. Holocene “turn-on” & evolution of the Southern GBR 80
at depths of at least 6.68 m to 5.15 m, with all three cores showing rapid vertical
accretion rates of 6.7, 6.0 and 13.1 m/kyr respectively (Figure 5). During this period
palaeowater depth was 7-8 m above the reef with the base of the windward core, WRK-
3 dominated by Halimeda rudstone facies and the leeward core (WRK-4) dominated by
massive Porites and faviids (B1). At 5 m below pmsl the domal assemblage B1 iden-
tified in WRK-4 was succeeded by branching Acropora sp. (A1) corresponding with
the appearance of vermetid gastropods and the P. onkodes assemblage in all cores. At
5.7 ka reef accretion slowed to less than 2 m/kyr as the reef approached 2-3 m below
pmsl (Figure 5). During this period the coral assemblages in WRK 4 transitioned from
branching Acropora sp. (A1) to robust branching Isopora sp. (A2) (5.87 ka ), whilst
WRK-3 and WRK-2 develop thicker algal crusts and coralgal bindstone facies in the
top 2 m of the core (Figure 5, Table 6). The earliest dated coral at the third leeward
core (WRK-1) is 5.76 ka and is found at a depth of 10.5 m below pmsl. It accreted at a
slower rate of 1.9 m/kyr until reaching about 6 m below pmsl, with coralgal bindstone
facies at the top 1 m of the core (Table 6, Figures 5 and 6).
Distinct spatial patterns are present across the four cores. Higher energy Acropora
assemblage (A1) dominates the entire windward core (WRK-3), whilst the leeward
cores (WRK- 1, WRK-2 and WRK-4) all have intervals of lower energy, domal poritid
and faviid corals (B1) (Figure 6).
3.4.3.2 Fairfax Reef
The base of the Holocene sequence was dated at 7.64 (±0.26,0.22) ka for the wind-
ward core (FFX-3) which penetrated the Pleistocene at 7.62 m. A similar “turn-on”
time of 7.63 (±0.37, 0.37) ka was identified on the reef flat (FFX-2) from the deepest
dated corals available in the Holocene sequence at 9.3 m. However, the Pleistocene
was not penetrated in this core. Palaeowater depth was 10-11 m above the reef at
this point. The windward and reef flat accreted at rates of 8.7 m/kyr and 6.9 m/kyr
respectively, between 7.64 ka and 6.70 ka, reaching 3 m below pmsl as paleowater
depth decreased to less than 4 m (Figure 5). During this initial growth period both
cores were dominated by branching Acropora sp. (A1). At 6.80 ka, reef accretion
slowed on the reef flat to 1.7 m/kyr as it approached 2-3 m below pmsl at 6.71 ka.
This corresponds with an increase in algal thickness and the appearance of the coral-
gal bindstone facies. However, the windward margin continued to accrete at the same
pace reaching pmsl at 6.78 ka (Table 6, Figures 5 and 6). Reef initiation based on the
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deepest available corals in the Holocene sequence at FFX-1 began before 6.83 (±0.32,
0.31) ka at a depth of 7.98 m, in a palaeowater depth of 9-10 m. From 6.86 ka to 5.32
ka accretion averaged 0.6 m/kyr between 7.78 m and 7.2 m. Massive poritid and faviid
coral assemblages (B1) dominated FFX-1 during this same interval. At 5.32 ka vertical
accretion rapidly increased to a rate of 13.5 m/kyr, corresponding with the appearance
of vermetid gastropods and a distinct transition from massive coral assemblages (B1)
to branching coral assemblages (A1). At 5.09 ka the leeward margin approached pmsl
at the same time as the reef flat, with the top 1 m of core characterised by coralgal
bindstone facies (Table 6, Figures 5 and 6).
Few spatial patterns in sedimentary facies and coralgal assemblages are identifiable
at Fairfax. However, the massive coral assemblage (B1) is more dominant on the lee-
ward margin than on the windward and reef flat. The Pleistocene sequence was only
observed in FFX-3, occurring below the solution unconformity at 8.62 m (Figure 6).
3.4.3.3 One Tree Reef
The new radiocarbon dates available for those cores which penetrated the Pleistocene
constrain a “turn-on” time of 8.37 (±0.04, 0.04)-8.24 (±0.08, 0.08) ka at depths of
13.2 m to 13.6 m. However, the coral constraining the turn-on (8.37 ka) in OTI-
1 reported significant HMC likely associated with early marine diagenesis. The first
corals to populate the basement substrate in OTI-2, OTI-3 and OTI-4, regardless of
the timing of initiation are massive Porites and faviids (B1) and massive Favia and
Goniopora sp. (B2), forming intervals 4-6 m thick (Figure 7). Accretion during these
intervals averaged 3 m/kyr for OTI-2 (between 7.89 ka and 6.15 ka), 0.5 m/kyr for
OTI-3 (between 4.53 ka and 1.72 ka) and 1.5 m/kyr at OTI-4 (between 6.46 ka and
5.95 ka) (Figure 5). OTI-1 has a slower accretion rate (1.3 m/kyr) between 5.6 ka
and 0.4 ka B.P. where it was dominated by bioclastic carbonate sand. Regardless of
the time (5.76-0.4 ka) the reef neared present sea-level, the massive coral assemblages
(B1 and B2) identified in OTI-2, OTI-3 and OTI-4 were succeeded by higher energy
branching Acropora and Isopora sp. (A1 and A2), as palaeowater depth decreased to
less than 4 m (Figure 7). OTI-2, OTI-5 and OTI-6 first approached pmsl between
5.76 ka and 4.25 ka, with the top 1-2 m characterised by coralgal bindstone facies.
Vermetid gastropods and the P. onkodes assemblage are present in all six cores in
intervals where palaeowater depths are 6 m or less (Table 6, Figures 5 and 7).
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Zonational variations are evident with coral assemblage B2, characterized by mas-
sive Favia and Goniopora sp., notably absent from two of the higher energy windward
cores (OTI-1 and OTI-2) but present in all of the lower energy leeward and patch reefs.
The Pleistocene sequence is observed in the windward, leeward and patch reef cores
(OTI-1, OTI-5 and OTI-6) below 13.2, 13.5 and 13.6 m respectively (Figure 7).
3.4.3.4 Fitzroy Reef
The new radiocarbon dates available for those cores which penetrated the Pleistocene
reveal a “turn-on” time of 8.19 (±0.11, 0.13) ka for the windward core (FIT-3) and
8.13 (±0.04, 0.04) ka for the leeward core (FIT-2), taking place at depths of 9.65 m
and 7.30 m, respectively. Palaeowater depth was 5-6 m above FIT-3 and 6-7 m above
FIT-2. Branching Acropora sp. (A1) were the first corals to colonise the windward
margin (FIT-3), whilst domal Porites and faviids (B1) colonised the leeward (FIT-2).
Both assemblages dominate until 7.65 ka in FIT-3 and 6.82 ka in FIT-2, with the
windward and leeward cores displaying largely uniform accretion rates of 6.3 m/kyr
and 3.8 m/kyr, respectively (Figure 5). Vertical accretion slowed significantly to 0.4
m/kyr in FIT-3 and 1 m/kyr in FIT-2, as palaeowater depths decreased to less than
3.5 m at both margins (Figure 5, Table 6). During this final period of reef growth the
coral assemblages on both the windward and leeward margins were replaced by robust
branching Isopora sp. (A2) at 7.65 ka and 6.82 ka respectively (Table 6, Figures 5
and 7).
Distinct spatial zonation patterns are also observed across the reef. The more ex-
posed windward core (FIT-3) is dominated by higher energy coral communities A1 and
A2 and the less exposed leeward core (FIT-2) is dominated by the lower energy massive
coral assemblage B1. Vermetid gastropods and P. onkodes assemblage are present in
both cores in palaeowater depths less than 6 m (Figure 7). Like One Tree and Fairfax
the Pleistocene sequence is present below the solution unconformity (10.2 m at FIT-3
and 7.4 m at FIT-2).
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3.5 Discussion
3.5.1 Spatial and temporal patterns in reef response to Holocene
sea-level rise
Using all available new and existing data from the Wreck, Fairfax, One Tree and
Fitzroy reefs a revised reconstruction of reef development over the past 8-9 ka is de-
fined. Each stage of development is discussed below to determine the influence of
the initial flooding, sea-level rise and stillstand during the Holocene on reef composi-
tion, palaeoenvironments, accretion rates, growth strategies through time and ultimate
maturity state. Taken together we argue that: 1) a significant lag period occurred
between flooding of the antecedent substrate and first colonisation of the reef, 2)
spatial and stratigraphic patterns identified are a response to variations in changing
accommodation space, and 3) the progression of these patterns varies though time,
influencing the rate and time taken for a reef to reach its ultimate maturity state.
3.5.1.1 Delays in the timing of Holocene reef initiation
Recent reviews of the literature have questioned the existence of a significant time
lag period between the flooding of the Pleistocene surface and the Holocene turn-on
of the GBR (Blanchon and Blakeway, 2003; Davies and Hopley, 1983a; Davies et al.,
1985a; Hopley et al., 2007; Smithers et al., 2006). For example, Hopley et al. (2007)
and Smithers et al. (2006) argued that the oldest dated corals from many reefs of
the northern and central GBR are in fact detrital in origin and located in some cases
several meters above the antecedent Pleistocene surface. This suggests that these
dates are not representative of initial Holocene growth and therefore produce artificial
lag periods. However, our dated samples were taken from in-situ coral framework at or
within a few centimetres above the antecedent Pleistocene surface, providing robust
new constraints for the “turn-on” of the Holocene reefs in the Capricorn Bunker Group
between 7.6 ka and 8.3 ka (Table 6, Figures 5 & 6). Combined with published relative
sea-level curves for the region (Lewis et al., 2012; Sloss et al., 2007), these results
unequivocally show that in the southern GBR a distinct delay of 0.7-2 ka occurred
between the substrate flooding and reef colonisation, providing further support for the
lag period originally identified by Davies et al. (1985b).
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We contend that some environmental factor(s) may have inhibited reef growth in
the Capricorn Bunker Group after the flooding of the Pleistocene basement at 8-9 ka.
Sediment gravity cores collected on the slope in the Capricorn Channel adjacent to the
reefs in this study identified high Mass Accumulation Rates (MARs) of siliciclastic and
carbonate sediments during the early post-glacial sea-level rise (Bostock et al., 2009).
While there is no direct evidence of higher siliciclastic flux in our early Holocene reef
cores, quartz grains have been observed infilling cavities in corals within the top two
meters of the Holocene/Pleistocene boundary in the windward core at Fairfax reef
(FFX-3) (Marshall, 1983).
The paleo-Fitzroy River, located less than 25 km north of Wreck reef (Ryan et al.,
2007) (Figure 1), is thought to be the main contributor to high siliciclastic sediment
flux observed in the Capricorn Channel, peaking between 16-14 ka but continuing to
contribute significant amounts of sediment up until 9.5 ka. High resolution bathy-
metric surveys from the Capricorn region has identified a series of submarine channels
which allowed the paleo-Fitzroy river to flow across the shelf between the karstified
platform reefs distributing these sediments to the shelf edge and upper slope (Ryan
et al., 2007). Whilst some uncertainty exists over the precise turn on of Wreck reef,
due to the Pleistocene not being penetrated, the close proximity of Wreck reef to the
paleo-Fitzroy provides a tantalizing explanation as to why it likely has the largest lag
period of the four reefs (Table 6).
Siliciclastic MARs in the Capricorn Channel sediment cores were significantly reduced
by 8.5 ka (Bostock et al., 2009), consistent with the timing of our new constraints on
the earliest reef “turn-on” at 8.3 ka. Similar sedimentation patterns were identified
in the northern and central GBR with significant increases in siliciclastic deposition at
11 ka and 7 ka (Dunbar and Dickens, 2003; Dunbar et al., 2000). Increases in car-
bonate sediments, specifically HMC during the initial post-glacial sea-level rise have
also been detected, suggesting the reworking of neritic carbonate material, increasing
turbidity during this period (Bostock et al., 2009; Dunbar and Dickens, 2003). High
levels of siliciclastic sediments and nutrients from terrestrial runoff can reduce water
transparency and stimulate the production of plankton, which in turn reduces carbon-
ate production in modern reef settings (Acker and Stearn, 1990; Hallock et al., 1988;
Hallock and Schlager, 1986; Littler and Littler, 2007). The suppression of reef growth
was likely to have been further exacerbated by the mixing of soils into surface waters
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when sea-level rose and flooded the antecedent platforms (Davies and Marshall, 1979;
Hallock and Schlager, 1986).
Lack of larval recruitment and oceanographic factors such as exposure to extreme
hydrodynamic forces or cooler SST’s can also negatively impact reef growth. Black
et al. (1990) and Wolanski et al. (1989) showed that smaller planar reefs such as
Wreck and Fairfax have much lower residence times (<1% of particles remaining after
40 hours) of neutrally-buoyant matter such as coral larvae, compared to the larger
reefs (20-40% after 14 days) with bigger lagoons such as One Tree and Fitzroy. This
difference in reef flushing could explain why the larger lagoonal reefs appear to have
turned on prior to the smaller planar reefs. Furthermore, the concept of a Holocene
“high energy window”, first suggested by Neumann (1971) in the Caribbean and later
by Hopley (1984) in the GBR, could have played a role in this process. This window
represents a period of intense hydrodynamic and oceanographic forces, created during
the initial flooding of the basement substrate which would have made it difficult for
coral planulae to settle and colonise across the four reefs. Cooler SST associated with
the post-glacial sea-level rise are thought to have impeded initial reef growth in the
south-west Indian ocean (Cabioch et al., 1995; Montaggioni et al., 1997a). However,
oxygen isotope data from the sediment cores in the Capricorn Channel indicate surface-
ocean circulation and SST temperatures in the Southern GBR were likely similar to
present day conditions by ∼ 11 ka (Bostock et al., 2006). Similarly, Sr/Ca data from
the GBR and Tropical Western Pacific record a 3◦C increase in SST, since the end of
the LGM, with SST approaching levels similar to today ∼ 10 ka ago (Linsley et al.,
2010). Therefore, at least in the Central and Southern GBR, palaeo-SST’s appears
to have had little to no impact on early Holocene reef initiation, supporting previous
hypotheses (Davies et al., 1985b).
Similar lag periods of 0.7-2.5 ka following the flooding of the basement substrate
have been identified in other Holocene reefs in the Caribbean, (Adey, 1978; Corts
et al., 1994; Macintyre, 1988; Schultz et al., 2010) south-west Pacific (Camoin et
al., 1997b) and the south-west Indian Ocean (Cabioch et al., 1995; Klostermann and
Gischler, 2014; Montaggioni and Faure, 1997). Comparable factors, including local
enrichment of nutrients, unsuitable substrate, lack or larval recruitment and intense
hydrodynamic and oceanographic factors, created during the initial flooding were in-
voked to explain this lag. Antecedent substrate depth has also been considered as a
factor inhibiting initial reef colonisation. However, we argue this is not a causative
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factor in our study, as similar lag periods are observed in One Tree and Fitzroy reefs
that have initiated growth at different depths (e.g., 13.6 m, 10.2 m, 7.4 m, Figure 5).
3.5.1.2 Spatial and temporal variations in sedimentary facies and coralgal
assemblages
During the last 8-8.3 ka environmental conditions were optimal for reef development in
the Capricorn Bunker Group. Our data define significant differences in sedimentary fa-
cies and coralgal assemblages within the history of each reef, but across the four sites
a general pattern of reef response to rising sea-levels produced distinct shallowing-
upward sequences in coral assemblages and sedimentary facies.
These shallowing-upward sequences are displayed in almost all cores across the four
reefs, where branching coral assemblages (A1 and A2) commonly replace massive coral
assemblages (B1 and B2) in the upper sections of the reefs (Figure 7). Based on our
understanding of analogous modern corals these shallowing-upward sequences are in-
terpreted as being related to decreasing palaeowater depth and increased hydrodynamic
energy, as massive coral head assemblages usually prevail in deeper water, lower energy
environments. Hence the dominance of early colonising assemblages, B1 and B2, cou-
pled with the growth curves and subsequent palaeowater depths, indicates that reef
growth initiated in deeper waters of 8-12 m (Figure 8).
Modern domal Porites and faviids also have a greater tolerance to suspended sed-
iments and reduced water circulation than branching Acropora sp. (Martin et al.,
1989; Scoffin et al., 1978). Fossil assemblages comprised of mainly massive Porites
sp. were identified at the base of postglacial cores retrieved from Tahiti (Abbey et
al., 2011; Cabioch et al., 1999) and reflect the input of local terrestrial sediments.
Discharge from large river basins are responsible for poor water quality and low salinity
levels creating unfavourable conditions for the more sensitive branching Acropora sp.
(van Woesik and Done, 1997). Inimical conditions associated with the flooding of
the antecedent substrate during the post-glacial sea-level rise likely contributed to the
initial dominance of more sediment and nutrient tolerant assemblages (B1 and B2).
Soil horizons containing sediments with humate cements, calcrete crusts, brown mi-
crite and quartz sands, imbedded in leached limestone, were identified in the Southern
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Figure 3.8: A) Carbonate and siliciclastic Mass Accumulation Rates (MAR) over
the past 9 ka for core GC12, located in the Capricorn Channel (adapted from Bostock
et al, 2009) B) Sea-surface temperature records over the past 9 ka for the GBR
and Western Tropical pacific (Adapted from Linsley et al 2010) C) Interpretation
of sea-level for the east coast of Australia and D) Interpreted spatial and temporal
patterns of key coral assemblages and sedimentary facies and their relationship with
palaeowater depth. Water depths are based on the difference between reef accretion
and the Sloss et al. (2007) relative sea-level curve (see Figure 5).
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GBR Pleistocene reef sequence (Marshall and Davies, 1984; Marshall, 1983). These
sediments were likely resuspended during this period, creating a more turbid, nutri-
ent rich environment. Thus, the dominance of these deeper water and more resistant
species during Holocene reef initiation reflects an adaptive response to unfavourable
conditions produced by the flooding of the Pleistocene surface.
Whilst massive coralgal assemblages are usually accompanied by slower accretion rates
than their branching counterparts (Camoin et al., 1997c; Davies and Hopley, 1983a;
Dullo, 2005; Marshall and Davies, 1982b), rate of accretion does not appear to be
affected by the dominance of deeper massive assemblages (B1 and B2) in this study.
Relatively rapid rates of accretion, averaging 7.02 m/kyr for the first 2 ka, during
initial reef colonisation (Figure 5) are seen across all cores penetrating the Pleistocene
sequence. Similar rates have been observed in the Caribbean (Gischler, 2008) and
other areas of the Indo-Pacific such as Tahiti (Cabioch et al., 1999) and Lord Howe
Island (Kennedy and Woodroffe, 2000), providing further support for the tolerance of
such species to deeper more turbid environments.
Poritid/faviid communities (B1 and B2 assemblages) were replaced by reef assem-
blages composed of Acoropora/Isopora sp. as palaeowater depths were reduced to less
than 6 m. (Figure 8). Assemblages A1 and A2 are particularly suited to growth in the
shallowest, high energy settings where their modern counterparts continue to dominate
the living community (Done, 1983; Done, 1982). These assemblage changes coincide
with the appearance of P. onkodes assemblage and vermetid gastropods, (Figures 6 &
7) indicating that palaeowater depths had reached 6 m or less (Adey, 1986; Laborel,
1986). Furthermore, these assemblage shifts are often associated with the develop-
ment of thick algal crusts, sometimes forming a bindstone facies, on the windward
and leeward margins across all reefs, (Figures 6 & 7) as first observed by Davies and
Marshall (1982). This also corresponds with a marked reduction in vertical accretion
rate, averaging less than 2.7 m/kyr, as the reefs approached the intertidal zone (Figure
5), consistent with previous studies (Camoin et al., 1997c; Davies and Marshall, 1979;
Davies and Hopley, 1983b; 1980; Montaggioni, 2005).
Our investigation of the new coralgal assemblages reveals that development of the
Holocene reefs is more complex than identified in earlier studies, providing new infor-
mation about the temporal variations of Holocene reef communities and the changing
paleoenvironmental conditions they experienced. This is best seen in the windward
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core of Fitzroy reef (Figure 7) where the Acropora dominated assemblage (A1) is
replaced by Isopora dominated assemblage (A2), displaying a distinct shallowing up-
ward sequence previously characterised by the more general “branching” classification
of Marshall and Davies (1985) (Figure 1). Similarly in the leeward cores of Fairfax
(FFX-3), Wreck (WRK-4) One Tree (OTI-3) and Fitzroy (FIT-2) the transition from
domal to branching species is synonymous with a reduction in palaeowater depth as
sea-levels began to stabilise (Figure 8).
In addition to the vertical distribution of facies and assemblages, we also observe
several important horizontal patterns. Except for One Tree Reef, the windward cores
are dominated by high energy branching assemblages, whilst the leeward cores have
higher abundances of lower energy massive assemblages (Figures 9 & 10). Similar
distributions are found across the modern reefs of the Caribbean (Gischler and Hud-
son, 1998; Pandolfi and Jackson, 2006; Toscano and Macintyre, 2003) and the Indian
Ocean (Camoin et al., 1997a; Montaggioni and Faure, 1997). These distributions are
a response to higher energy regimes on the windward margins. In the modern Capri-
corn Bunker Group, these energy regimes are the result of strong South-Easterly trade
winds which blow in a windward to leeward direction (Bureau of Meteorology, Lady
Elliot Island).
3.5.2 Controls on Holocene reefs development and evolution-
ary state
Despite some local variability in sedimentary facies, coralgal assemblages and growth
rates, changes in sea-level and hydrodynamic energy appear to be the dominant fac-
tors influencing spatial and temporal trends in reef development across the four reefs.
In response to decreasing accommodation space, all reefs have undergone a similar
pattern of reef growth, both vertically and horizontally. However, our new data shows
that the progression of these growth responses varies through time (Figure 8). This
ultimately affects the rate at which these reefs reach sea-level and their progression
from juvenile to mature and in some cases, senile reefs.
The evolutionary classification model defined by Hopley (1982b) predicts reefs grow-
ing off a shallow basement surface will reach sea-level first, reflecting an older reef-flat
age. Whereas reefs originating from a deeper depth will take longer to reach sea-level
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Figure 3.9: Interpreted spatial patterns of key coral assemblages and sedimentary
facies in relation to zonational geomorphic feature for A) Wreck and B) Fairfax reef.
(Vertical exaggeration ∼18.75).
and hence, should reflect a younger reef flat age. Our investigation confirms that the
development of four Capricorn Bunker reefs satisfies only some of the key elements
of these predictions. This is best demonstrated when comparing the Wreck, Fitzroy
and One Tree growth histories. Despite Wreck and Fitzroy growing off a substrate
which on average is 2.5 m shallower than One Tree, all three reefs first reached pmsl
at approximately the same time, 5.85 ka, 6.13 ka and 5.76 ka respectively, suggesting
depth is not the controlling factor (Table 6). Similar variability occurs within reefs.
For example all three cores on the windward margin at One Tree reached sea-level
at different times ranging from 0.3 ka to 5.7 ka (Table 6, Figure 5), despite seismic
refraction data indicating that they initiated at a similar depth of 13 m (Davies et
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Figure 3.10: Interpreted spatial patterns of key coral assemblages and sedimen-
tary facies in relation to zonational geomorphic feature for A) One Tree and B)
Fitzroy reef. (Vertical exaggeration ∼25).
al., 1986; Harvey et al., 1979). In both examples, coralgal assemblages vary signifi-
cantly within these cores, which correspond to changes in vertical accretion rates. We
therefore conclude that the biological and sedimentological factors have had greater
influence on reef maturity than the depth from which the reefs initiated. Our results
are inconsistent with findings by Barrett and Webster (2012b) who combined published
observational data with 3D forward stratigraphic modelling to simulate the Holocene
evolution of One Tree Reef. They concluded that shape and depth of the basement
substrate had the strongest influence on reef maturity. Whilst their model was able
to simulate a 75% match to the main morphologic and growth characteristics of One
Tree, it failed to account for the time lag between flooding of the antecedent substrate
and true reef “turn-on”, nor was it able to simulate effectively finer scale features such
as the sub-tidal sand sheet and patch reefs.
Chapter 3. Holocene “turn-on” & evolution of the Southern GBR 92
Nevertheless, the windward margin of Fairfax reef does conform to the main con-
trolling parameters identified by Barrett and Webster (2012a) since it is the shallowest
of all the windward cores and one of the first margins to reach pmsl (Table 6, Figure 5).
Similar patterns are also seen on the windward rim of Stapleton, Warraber, Bewick and
Boulder reefs, four other small planar reefs in the GBR, providing further support for
the evolutionary classification model first proposed by Hopley (1982b). These results
clearly indicate that variations in the depth of the basement substrate do not appear
to show any definitive trends nor do they homogenously conform to the classical evo-
lutionary model of substrate depth vs. reef flat age. This is not surprising as reefs
are dynamic ecosystems where numerous controlling factors including hydrodynamic
forces, accretion, reef composition, water quality and sea-level rise and fall may all
be affecting the reef simultaneously. Furthermore, a few isolated drill cores may not
faithfully represent the true variation in the structure, composition and age expected
over short distances. This is most evident when looking at the windward margins at
both Wreck (Figure 8a) and One Tree (Figure 9a). In both cases three cores were
drilled <500 m apart yet are composed of vastly different facies and assemblages.
The size and morphology of the antecedent surface have been identified as other
factors influencing the progression of Holocene reef evolution (Barrett and Webster,
2012a; Davies et al., 1986; Flood and Orme, 1977; Hopley, 1982b; Hopley et al., 2007;
Jell and Flood, 1978; Purdy, 1974). Hopley (1982b) argued that smaller reefs, with-
out central depressions, i.e. lagoons, should infill and progress from juvenile to senile
stages faster than larger lagoonal reefs. This is consistent with our results, since within
the same time frame, the smaller Wreck and Fairfax reefs have progressed to senility,
whilst the larger reefs, One Tree and Fitzroy with well developed central lagoons, are
still in the mature phase. In a recent review of lagoonal infilling, Purdy and Gischler,
(2005), purport that large reefs, often with deeper lagoonal areas and comparatively
smaller peripheral carbonate producing margins, account for the slow rate of infilling
in reefs such as One Tree and Fitzroy.
Hence the larger surface areas and the presence of well-developed lagoonal systems
inhibit rapid lateral accretion resulting in less mature reefs. Davies and Hopley (1983a)
observed a similar trend in the Northern and Central GBR where all reefs which ap-
peared to have reached senility were less than 5 km2 and lacked large lagoonal depres-
sions. Despite the evolutionary classification model being widely accepted, the data
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presented here highlights again the need for caution when applying such models to
individual reef systems as great variability can exist in geomorphic development both
within and between reefs.
3.6 Conclusions
Based on the detailed investigation of the stratigraphic, lithologic and coralgal as-
semblage variations from reefs of the Capricorn Bunker Group (southern GBR), in
conjunction with new and previously published radiocarbon/U-series data, we draw
the following conclusions:
1. Five revised sedimentary facies, four fossil coral and one algal assemblage were
identified. Their palaeonvironmental settings are defined as shallow water (0-10
m), high energy, upper reef slope (Assemblages A1 and A2) or deeper water
(0-15 m), lower energy inner or back reef margin (Assemblages B1 and B2).
2. Our investigation of coralgal composition indicates that development of the
Holocene reefs is more complex than previously thought with distinct shallowing-
upward sequences identified. The dominance of massive poritids and faviids dur-
ing the initial growth stage suggests conditions were unsuitable for more sensitive
reef builders (e.g. Acropora, Isopora). This is likely a response to the deeper,
more nutrient and siliciclastic rich waters associated with the initial flooding
of the basement substrate. However, the later transition to branching Acropo-
ra/Isopora sp., often associated with thick Mastophoridae coralline algal crusts,
vermetid gastropods and lower accretion rates, reflects the impact of reduced
accommodation space and increasing hydrodynamic energy.
3. We provide new constraints on the time lag (0.7-2 ka) following the flooding of
the antecedent substrate and reef initiation. A previously documented increase
in regional sediment flux during the initial post-glacial sea-level rise may have
inhibited reef growth. A lack of sufficient larval recruitment and high energy
hydrodynamic conditions coinciding with this flooding may also have impeded
growth, having a greater effect on the smaller planar reefs (Wreck and Fairfax),
than the large lagoonal reefs (One Tree and Fitzroy).
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4. The reefs of Capricorn Bunkers have undergone a similar general spatial and
temporal pattern of Holocene reef development. However, we find that the
progression of reef growth varies though time, ultimately influencing the rate and
timing at which each reef shifts from juvenile to mature or in some case to senile.
We argue that size and shape of the Pleistocene substrate (i.e. presence of deep
lagoonal depressions) rather than the depth, is most influential in determining
final reef maturity.
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CHAPTER 4
INFLUENCE OF HYDRODYNAMIC
ENERGY ON HOLOCENE REEF
FLAT ACCRETION, GREAT
BARRIER REEF
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4.1 Abstract
The response of platform reefs to sea-level stabilization over the past 6 ka is well
established for the Great Barrier Reef (GBR), with reefs typically accreting laterally
from windward to leeward. However, these observations are based on few cores spread
across reef zones and may not accurately reflect a reef’s true accretional response to
the Holocene stillstand. We present a new record of reef accretion based on 49 U/Th
ages from Heron and One Tree reefs in conjunction with re-analysed data from 14
reefs across the GBR. We demonstrate that hydrodynamic energy is the main driver
of accretional direction; exposed reefs accreted primarily lagoonward, whilst protected
reefs accreted seawards, contrary to the traditional growth model in the GBR. Lateral
accretion rates varied from 86.3 m/ka - 42.4 m/ka on the exposed One Tree windward
reef and 68.35 m/ka - 15.7 m/ka on the protected leeward Heron reef, suggesting
wind/wave energy is not a dominant control on lateral accretion rates. This represents
the most comprehensive statement of lateral accretion direction and rates from the
mid-outer platform reefs of the GBR, confirming great variability in reef flat growth
both within and between reef margins over the last 6 ka, highlighting the need for
closely-spaced core transects.
Keywords: Reef Growth, Still-stand, Sea-level, Accretion, Holocene, Great Barrier
Reef
4.2 Introduction
A widely accepted, two-phase model of Holocene reef growth was developed from
drilling investigations in both the Caribbean and the Great Barrier Reef (GBR) (Neu-
mann and Macintyre, 1985, Davies et al., 1985). This model includes a rapid phase of
vertical accretion, as reefs are forced to catch-up/keep-up with post glacial sea-level
rise followed by a lateral accretion phase once sea-level stabilized. Limited vertical
accommodation as reefs approach sea-level is thought to be the dominant controlling
factor responsible for this shift into progradation (Marshall, 1982). For the mid-outer
platform reefs of the GBR (Hopley et al., 2007), Davies, Marshall and others (Davies
and Marshall, 1979, Marshall and Davies, 1982, 1985, Davies and Hopley, 1983, Davies
et al., 1985) used this basic reef growth model, to demonstrate that the lateral accre-
tion phase of reef growth was generally dominated by accretion in a lagoonal direction
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with less accretion seaward. Similar growth patterns were identified on many fringing
reefs, including those of the Ryukyu Islands (Kan et al., 1995), Hawaii (Grossman
and Fletcher, 2004, Engels et al., 2004) and Thailand (Scoffin and Le Tissier, 1998).
Pre-Holocene slope morphology and exposure to strong wind and wave energy were
identified as controlling factors, influencing the direction and extent of reef flat ex-
tension (Marshall and Davies, 1981, Hopley, 1982, Kan et al., 1995, Grossman and
Fletcher, 2004).
Investigations of reefs with double-rimed windward fronts in the central GBR (Davies
and Gable reefs) (Hopley, 1982) and recent data from closely-spaced transect cores at
Heron Reef in the southern GBR (Webb et al., 2015) show evidence of seaward accre-
tion, inconsistent with traditional growth models in the region (Marshall and Davies,
1982, 1985, Hopley et al., 2007). Additionally, the few previous reef flat accretion rates
calculated in the GBR represent inner shelf reefs (Hopley et al., 1983, Kleypas, 1996,
Smithers et al., 2006, Palmer et al., 2010), where high turbidity and nutrient con-
tent associated with proximity to terrestrial sources have influenced reef development
(Smithers et al., 2006, Palmer et al., 2010, Perry and Smithers, 2010). Further-
more, the majority of these inshore fringing reefs initiated growth on gently sloping
Pleistocene sediments, as opposed to the mid-outer shelf reefs, which developed on
broad antecedent platforms with steeply sloping antecedent fore-reefs (Smithers et al.,
2006, Hopley et al., 2007). For the mid-outer platform reefs, accretion direction and
rates were calculated from one or a few isolated cores distributed over a range of reef
zones, commonly biased towards windward margins (Davies and Hopley, 1983). While
isolated cores capture the chronologic and stratigraphic history of the transgressive
growth phase, they do not necessarily distinguish vertical aggradation from lateral ac-
cretion (Blanchon and Blakeway, 2003). Only multiple, closely spaced (< 50 m) core
transects can capture the full response of reefs to the Holocene stillstand, including
the rate and direction of lateral accretion.
Therefore, we present lithologic and chrono-stratigraphic data from 34 new, closely
spaced short cores recovered from nine transects across One Tree Reef (OTR) and
Heron Reef (HR), to assess the direction and rate of lateral accretion of exposed and
protected reef flat margins, in response to Holocene sea-level stabilization. For the
purposes of this discussion we define the reef flat as including the reef crest, coralgal
flat, rubble band and coral windrows (adapted from Thornborough and Davies, 2011)
and lateral accretion as including the seaward and/or lagoonal expansion of the reef
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flat, irrespective of the location on the windward or leeward margin. To produce a
refined stillstand reef growth model, our specific objectives are to 1) establish the pre-
cise timing of when and where reefs in the GBR first approached modern sea-level; 2)
determine the effects of hydrodynamic exposure and fore-reef slope morphology on the
rate and direction of reef flat accretion; and 3) investigate the effects of hydrodynamic
exposure on reef flats at other mid-outer platform reefs in the GBR.
4.3 Field settings and methods
HR (23◦ 27′ S, 152◦ 57′ E) and OTR (23◦ 30′ S, 152◦ 05′ E) represent two mid-shelf
reefs in the southern GBR (Figure 1). The dominant direction of hydrodynamic energy
is from the south-east with an average significant wave height of 1.15 m, semi-diurnal
tides and a spring tidal range of 3 m (Vila-Concejo et al., 2013). South-east trade
winds dominate most of the year (Marshall and Davies, 1982). HR is located approx-
imately 6.5 km north-west of OTR and is protected from the dominant direction of
wind and wave energy by Sykes Reef to the east, Wistari Reef to the west and OTR
to the south-east. OTR is located closer to the shelf margin, with no proximal reefs
on its borders to protect it from prevailing ocean swell.
Thirty-four new short cores, approximately 1 m in length were collected from HR and
OTR, using a hand held petrol powered drill attached to a 7 cm diameter diamond
core bit. Transects were drilled across the reef platforms to better capture the lateral
accretion of the reef. Surface elevations of the short cores were determined using a
Trimble R8- Real-Time Kinematic - Global Navigation Satellite System (RTK-GNSS)
with a positional accuracy of ± 4 cm (Supplemental Table 1).
Lithologic facies and coralgal assemblages were logged in accordance with Camoin
et al. (2007). The context of sampled coral colonies were classified as either in-situ
(IS), not in-situ (NIS) or not enough information (NEI) based on criteria established
by Abbey et al. (2011). Core chronology consisted of 49 new U-series dates and 30
previously published dates from HR and OTR (Supplemental Table 1, Supplemental
Figure 1 and 2). All other previously cored mid-outer shelf reefs on the GBR were also
investigated (N=27), but only 14 additional reefs (Lizard, Cockatoo, Stanley, Younge,
Bowl, Viper, Ribbon Reef 5, Gable, Carter, Myrmidon Britomart, Redbill, Wheeler and
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Figure 4.1: Location of the 16 reefs examined by this paper in the Great Barrier
Reef, including Heron and One Tree reef.
Wreck) could be included in the meta-analysis owing to the requirement for a minimum
of two cores within a transect from a single margin (Supplemental Table 2).
Corals that were interpreted to be in growth position and free of obvious detrital con-
tamination, microbialite encrustation or organic staining were cleaned in fresh water
and vetted for dating using thin section petrography and scanning electron microscopy
(SEM) (Nothdurft and Webb, 2009, Sadler et al., 2014). Corals with no microbial
micrite and minimal syntaxial aragonite cement, microborings and dissolution were se-
lected for dating using U-series techniques on a Nu Plasma multi-collector-inductively
coupled plasma-mass spectrometer (MC-ICP-MS) in the Radiogenic Isotope Facility
at the University of Queensland. Multiple subsamples were dated from selected corals
(Supplemental Table 1).
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Subsamples of vetted corals were crushed to chips (∼1-2 mm in diameter) and in-
spected under a compound microscope. Only chips that lacked obvious cement, mi-
crobialite or staining were selected for dating. Chips were cleaned in 10% H2O2 for 24
hours followed by rinsing in milliQ water with sonication for 15 minutes before three
additional rinses in milliQ water. Samples ( 0.15 g) were spiked with a 229Th-233U
mixed tracer and dated following a modified and simplified column separation proce-
dure and a fully-automatic MC-ICP-MS measurement protocol described in detail in
Zhou et al. (2011) and Clark et al. (2014a, 2014b). Ages were calculated using Isoplot
Program EX/3.0 of Ludwig (2003) using decay constants of Cheng et al. (2000).
For the fourteen reefs included in the meta analyses (Lizard, Cockatoo, Stanley,
Yonge, Bowl, Viper, Ribbon Reef 5, Gable, Carter, Myrmidon Britomart, Redbill,
Wheeler and Wreck) the previously published ages (Table DR2 in Data Repository)
were re-calibrated using calibration software (Calib7.0) (http://calib.qub.ac.uk/calib/;
Accessed June 2014). Marine reservoir correction value ∆ R 12 ± 5 were used in
all calculations, as this represents the best estimate of variance in marine reservoir
effect for the mid-outer shelf reefs along the East Australian coast (Druffel and Griffin,
1999) (Supplemental Table 2). However, for ages older than ∼5.4 ka there may be
significantly larger ∆ R, resulting in possible larger calibrated age errors (Hua et al.,
2015). The new U-series ages produced in this study were adjusted to years before
1950 for easy comparison to previously published radiocarbon ages. To provide a neu-
tral sea-level datum across all sites, all depths were replotted to Mean Sea Level (MSL).
Whilst only the ages from the top 1 m of the reef flat were reported in cores from this
study, chronologic and stratigraphic comparisons were made with the previously pub-
lished long cores where possible from both HR (Webb et al., 2015) and OTR (Dechnik
et al., 2015) in order to identify any age anomalies. Core distance from windward or
leeward reef crests was calculated using high resolution aerial imagery. For the meta
analysis, distances were normalized as a ratio over the entire reef flat (from the edge
of the crest to the inner end of coral windrows), so reefs with variable reef flat sizes
could be more readily compared. Linear regressions using PRIMER 6 were used to
assess the correlation between the age of the reef flat and the distance from the reef
crest (Supplemental Table 1 and 2). Mean lateral accretion rates were calculated on
x-intercepts of lines of best fit for the top-most in-situ ages.
A GIS model (GREMO-(Pepper and Puotinen, 2009)) based on normalized wave fetch
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scenarios and typical wind patterns was used to classify reef margins as either exposed
or protected (Figure 2, Supplemental Table 3). Fetch distance was calculated in 30
degree increments at points spaced approximately every 500 m around the reef flat.
Wind speed and direction statistics were calculated on the basis of wind data from
the Bureau of Meteorology weather station, closest to each reef (Supplemental Table
3). Normalised values were calculated by dividing the wave exposure determined for a
given site point by the theoretical maximum values that the site could possibly have, if
100% exposed in all directions at a wind speed of 16 m/s (just below cyclone strength).
Thus wave exposure normalized to a theoretical maximum allows for comparisons be-
tween reefs.
Figure 4.2: Normalised wave exposure estimates for 16 reefs on the Great Barrier
Reef (see also Supplemental Table 3). Wave exposure estimates were based on
measurements of fetch at a series of individual locations around each reef (black
dots - modal points) given typical wind patterns. Hollow circles show core locations.
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4.4 Results
An overall pattern of lagoonward accretion is observed on both windward and leeward
margins at OTR. The exposed outer windward margin, closest to the reef crest, reached
MSL across transects 1, 2 and 3 at 6.65 ± 0.02 to 6.23 ± 0.01 ka, 6.07 ± 0.02 ka
and 6.45 ± 0.02 to 6.15 ± 0.02 ka, respectively (Figure 3.1A-E). However, on the
protected leeward margin greater age variability and fewer in-situ dates from the inner
coralgal rim make pattern determination more difficult. There the outer reef margin
approached MSL at 5.86 ± 0.02 ka, and the most reliable in-situ ages for the inner
coralgal rim range from 4.25 ± 0.42 ka to 6.18 ± 0.03 ka (Figure 3.1A-E). Active
accretion of the reef flat at OTR appears to have ’turned-off’ at approximately 2 ka,
with the exception of one core date (1.25 ka) located on the inner reef margin. These
results are consistent with the hiatus in reef growth after 2 ka identified by Harris
et al. (2015), which coincided with a regional fall in sea-level at approximately that
time (Lewis et al., 2012). Results from the other exposed mid-outer platform reefs
are consistent with the OTR model, with 80% of reefs showing a negative correlation
between age and distance (R = 0.46), becoming younger to the lee with distance
from the reef crest, indicating accretion in a lagoonward direction and little seaward
accretion (Figure 4).
An overall pattern of seaward accretion is observed on the leeward margins of HR,
with reef flat ages becoming younger towards the crest. However, it remains unclear
how far lagoon-ward the northern and southern leeward protected margins first ap-
proached MSL as transects did not extend that far from the margin. Long core data
from Webb et al. (2015) suggest that the inner reef flat on the northern margin of
HR first approached MSL between 6 and 7 ka and started accreting laterally by ∼6.5
ka. Short core dates near the reef margin are as old as 5.63 ± 0.01 (Figure 4A-C).
Accretion continued seaward to near the modern reef crest between 1.86 ± 0.01 ka to
1.08 ± 0.01 on the southern margin and 4.10 ± 0.020 to 3.93 ± 0.10 ka on the north-
ern margin. Similarly, all other mid-outer protected platform reefs showed a positive
correlation (R = 0.40) between age and distance, with reef flats accreting seaward,
becoming younger towards the crest, with all reefs conforming to this pattern (Figure
5).
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Figure 4.3: A) Location of the five transects analysed, based on previously drilled
and new short cores at One Tree Reef. B-E) Representative images of each of
the core transects, with the top-most in-situ ages displayed for each core. D)
Representative short core transect (T2), showing spatial and temporal chronologic
and lithologic changes within each core. *Ages identified as Not In-Situ (NIS) or
Not Enough Inoftmation (NEI).
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Figure 4.5: A) Linear regression showing correlation between age and distance
(ratio) from the protected reef crest at HR and other protected mid-outer platform
reefs. B) Conceptual model showing the predicted relationship between level of
exposure of a protected reef margin and direction of lateral accretion. C) Linear
regression showing correlation between age and distance (ratio) from the exposed
reef crest at OTR and other exposed mid-outer platform reefs from the GBR. D)
Conceptual model showing the predicted relationship between level of exposure of a
protected reef margin and direction of lateral accretion. Error bars are smaller than
symbols.
Reliable comparisons of reef flat accretion rates can be made between the windward
margin of OTR and the leeward margin of HR (Figure 6). Windward accretion rates
at OTR vary from 86.3 m/ka at transect 1 to 42.4 m/ka at transect 2 to 54.9 m/ka
at transect 3. The lower energy leeward margins of HR show even greater variation,
averaging 15.7 m/ka, 68.4 m/ka, 58.3 m/ka and 19.6 m/ka (Webb et al., 2015) at
transect 1, 2, 3 and 4 respectively. The few in-situ dates recovered from the leeward
margin of OTR make robust accretion rates difficult to establish (T4/5 = 473.8 m/ka)
and whilst the leeward reef flat appears to accrete in both directions, there is only one
reliable age (5.86 ka) available on the outer coralgal rim.
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4.5 Discussion
4.5.1 Hydrodynamic exposure and reef flat accretional direc-
tion
Using cores from the southern GBR, Marshall and Davies (1982, 1985) demonstrated
that maximum lateral expansion of the reef flat occurs on the windward margin, to-
wards the lagoon. This model has been shown to be widely applicable to many other
reefs of the GBR (Hopley et al., 2007) and our data from One Tree and other exposed
mid-outer platform reefs confirm and better constrain this model. In contrast, both
HR, and other protected mid-outer shelf reefs in the GBR suggest a more complicated
growth pattern, with the inner reef margin approaching MSL first and then continuing
to accrete seaward.
For the mid-outer platform reefs of the GBR, Hopley (1982, 2007) noted that pre-
Holocene substrate parameters, including depth, shape and antecedent slope morphol-
ogy, were strong controlling factors influencing Holocene reef growth and development.
In particular, gently sloping fore-reefs with antecedent reef flat terraces were thought
to enhance the extent of modern reef flat accretion, providing significant accommo-
dation adequately shallow to allow prolific fore-reef growth, in some cases producing
secondary windward reef rims (Hopley, 1982). In contrast, reef slopes with steep verti-
cal scarps that lacked shallow fore-reef terraces, such as many of the Northern Ribbon
reefs, were restricted to lateral accretion in a lagoonward direction (Hopley et al.,
2007).
Pre-Holocene substrate at OTR has been identified in cores (Davies and Hopley, 1983,
Dechnik et al., 2015) and seismic data (Marshall and Davies, 1981) to be approxi-
mately 13 Meters Below Sea Level (MBSL) beneath the rims of both windward and
leeward margins. Echo sounding profiles show a relatively steep reef slope (∼10◦) on
the southern windward margin from low tide level to approximately -10 m (Davies
and Marshall, 1979). Below this, a steep vertical scarp extends to approximately -40
m at its deepest point, with little to no coral cover. Davies and Marshall (1979)
dated samples from this scarp and suggested that it was pre-Holocene in age, con-
cluding that the reef flat had accreted in a primarily lagoonward direction with little
seaward accretion on the windward fore-reef slope during the Holocene. Whilst core
data and morphologic fore-reef slope data suggest the southern windward reef flat first
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approached sea-level near the current reef crest at 6 to 7 ka and then continued to
accrete laterally in a largely lagoonward direction, little information is available for the
eastern windward fore-reef slope. Nevertheless, a similar core age of 6.13 ka, situated
less than 10 m from the eastern reef crest, suggests an analogous history of lateral
accretion in a lagoonward direction.
Echo sounding profiles of the Pleistocene basement on the leeward southern mar-
gin at HR show a relatively gentle slope (∼3) with terraces at ∼ -9 and -15 m (Jell
and Flood, 1978). In contrast, the northern leeward margin is generally much steeper
with a slope of 15◦ from the crest to -25 m (Jell and Flood, 1978, Jell and Webb,
2012). Whilst there is no evidence of reef terraces on this margin, a secondary reef rim
occurs on its outer edge. Although no deep core was obtained from the outermost rim
in the long core transect (Webb et al., 2015), an in-situ coral from a short core from
the secondary rim returned an age of 3.9 ka, suggesting very little seaward accretion of
that section of reef flat since then. In contrast, on the opposing southern reef margin,
the reef has continued to accrete to at least 1.08 ka and is presumably still accreting
(Figure 3). Therefore, we suggest that the northern leeward margin may have initiated
reef growth closer to the edge of the antecedent platform than occurred at the south-
ern margin, and thus ran out of lateral accretionary space on the antecedent platform
earlier. Alternatively, the steepness of the reef slope on the northern margin may have
impinged lateral accretion of the reef flat after 4 ka, while the gently sloping southern
margin allowed for continuous lateral accretion.
Both the northern margin of HR and the southern windward margin of OTR have
similar fore-reef slope gradients, yet they accreted in opposite directions, suggesting
that the morphology of the fore-reef slope may not be the dominant controlling fac-
tor. Alternatively, this may be attributed in part to differences in the direction of
sediment transport and residence time between the exposed windward OTR margin
and the protected southern HR margin. Braithwaite et al. (2000) observed simi-
lar differences in reef accretion patterns in Holocene cores from the Seychelles and
devised a synoptic accretional model of reef growth. That model suggests that expo-
sure of a reef to moderate to high hydrodynamic energy would be sufficient to flush
sediment from their systems but maintain reef framework growth, without significant
breakage. Conversely, lower energy environments would experience longer residence
time of sediments, with less energy available to flush the reef, resulting in retention
of unconsolidated sediment, thus forming a substrate upon which lateral accretion
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could occur. Transport of isolated reef colonies and fragments would then provide
important colonizing substrate for seaward accretion, analogous to the reef windrows
clearly observed accreting over the southern sand sheet of OTR (Figure 3). Hence, it
is possible that a longer residence time of sediment on HR’s protected northern margin
allowed greater sediment accumulation, creating a sediment wedge upon which the
leeward margin of HR has been able to accrete seawards. Conversely, the windward
margin of OTR (Figure 4) was restricted to accretion in a lagoonward direction be-
cause significant sediment thicknesses were unable to accumulate on the steep, high
energy windward fore-reef slope. Exposure to strong wind and wave energy would
have directed most sediment back into the lagoon, consistent with the original OTR
model of windward to leeward lagoonal infilling (Marshall and Davies, 1982, Harris
et al., 2015) and providing the shallow substrate necessary for reef flat colonisation
and accretion of the coral windrows. Hence, while the lack of vertical accommoda-
tion as the reef approaches sea-level is widely accepted to produce an overall lateral
accretionary response across most reef flat margins (Davies and Marshall, 1979), the
level of exposure to hydrodynamic energy ultimately determines whether this will be
seaward or lagoonward directed accretion.
No comparable echo sounding profiles exist for the other mid-outer platform reefs
analysed in this study, and thus we can only speculate about the steepness of the
reef slopes of those reefs. However, in their review of inshore GBR reefs, Smithers et
al. (2006) proposed a structural classification for fringing reefs, modified from Hopley
and Partin (1987), which showed lateral accretion to occur almost invariably in a sea-
ward direction, rocky foreshores being the exception, where the fore-reef morphology
is much steeper. Kennedy and Woodroffe (2002) also developed generalised models
for fringing reefs, with models B and C (Figure 15-(Kennedy and Woodroffe, 2002))
developed from accretion patterns observed at many inshore fringing reefs from the
GBR. These models suggest that lack of vertical accommodation and gentle fore-reef
morphologies allowed the reefs to accrete laterally in a seaward direction (Kennedy
and Woodroffe, 2002). Whereas the basements upon which fringing reefs of the GBR
develop are not directly analogous to the mid-outer platform reefs, a similar pattern
of seaward accretion in relation to gentle fore-reef slopes was observed in this study.
Furthermore, inshore reefs are significantly more protected from the prevailing wind
and wave energy directed from the south-east than the mid-outer platform reefs (Ho-
pley et al., 2007). In our study a correlation between wind and wave exposure and
the direction of lateral accretion is apparent with all of the protected reefs recording a
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pattern of seaward accretion, suggesting a similar history for both the leeward margins
of HR (Figure 2) and the inshore fringing reefs of the GBR. Determination of the spe-
cific energy threshold that controls whether seaward or lagoonward directed accretion
occurs is not possible (Roberts et al., 1977, Suhayda and Roberts, 1977), but our
fetch model shows a clear correlation between relative wave exposure and direction
of lateral accretion. The results from HR and OTR demonstrate that the traditional
growth model of windward to leeward reef accretion does not hold true for lower energy
protected platform reefs. However, more closely spaced reef core transects and age
data, as well as bathymetric analysis of reef slopes, are required to further confirm the
pattern.
4.5.2 Hydrodynamic exposure and rates of reef flat accretion
Rates of vertical reef accretion are relatively well established, particularly for the mid-
outer platform reefs of the GBR (Marshall and Davies, 1982, Davies and Hopley, 1983,
Hopley et al., 2007), where sufficient drill core material has been collected and dated.
Rates of lateral accretion have received comparatively little attention, particularly on
coral atolls and platform reefs (Hopley et al., 2007, Masse and Montaggioni, 2001).
Yamono et al. (2003), provided one of the most comprehensive reviews of lateral
accretion rates for fringing reefs in the Pacific and Indian Ocean, with rates ranging
from 8 m/ka to 333 m/ka. In their review, reefs exposed to greater hydrodynamic
energy were identified as having greater lateral accretion rates than protected reefs
(Yamano et al., 2003). Conversely, Scoffin and Le Tissier (1998) found the highest
rates of lateral accretion on fringing reefs in Thailand occurred on sheltered, low en-
ergy reefs (80 m/ka) compared to more exposed reef margins (17 m/ka). On the
inshore reefs of the GBR a lateral accretion rate of 62 m/ka was reported for Orpheus
Island (Hopley et al., 1983), whereas Johnson and Risk (1987) reported a rate of 111
m/ka for the nearby Fantome Island. Smithers et al. (2006) reviewed lateral accretion
rates for inshore and fringing reefs of the GBR and found that approximately 50 %
of studied reef flats accreted rapidly, completely outgrowing their available lateral ac-
commodation within a ∼1.5 ka window between approximately 6 ka and 5.5 ka. The
other 50 % of reefs accreted much more slowly, taking as long as 6 ka to accrete a
similar distance. Those authors suggested that optimal conditions for reef flat growth
occurred in response to the Holocene ’high energy window’ (Hopley, 1984), prior to 5.5
ka, and that the higher energy conditions accounted for the rapid accretion on many
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of those reefs. However, they were unable to explain why other reefs, such as Dunk
Island and Great Palm Reef, were unable to accrete at similar rates during the same
time interval despite having sufficient seaward accommodation available (Smithers et
al., 2006). They did note, however, that slower rates of lateral accretion after 5.5 ka
were likely a response to falling sea-level and or input of terrestrial sediments that may
have limited carbonate production in nearshore environments (Smithers et al., 2006,
Perry and Smithers, 2010, Palmer et al., 2010).
This study found no definitive relationship between reef accretion rates either within
or between the margins at HR and OTR. Specifically on the northern leeward margin
of HR, lateral accretion rates vary from 19.6 m/ka to 68.4 m/ka, despite the tran-
sects being less than 200 m apart. This is not surprising, however, as reefs are highly
complex and dynamic ecosystems where numerous controlling factors, including wind
and wave energy, turbidity, and facies and framework composition, may all influence
the reef simultaneously, at local and regional scales (Montaggioni, 2005, Kennedy and
Woodroffe, 2002). Additionally, heterogeneous topography on the antecedent platform
may impart major local effects. Furthermore, establishing clear patterns in the rates of
lateral accretion between transects of different sizes (E.g. 20 m at T3 and 100 m at T2
at HR) is challenging (Blanchon and Blakeway, 2003). Nevertheless, closely spaced
core transects from HR and OTR provide some of the first robust lateral accretion
rates calculated for the mid-outer shelf platform reefs, which broadly fall within ranges
observed on the inner shelf and fringing reefs of the GBR. Based on the large variability
in accretion rates both within and between the inner and mid-outer shelf reefs in the
GBR, we suggest that exposure to hydrodynamic energy is not the strongest influence
on lateral accretion rates, but it may be a primary control on the direction of reef
accretion. The significant difference in accretion rates observed within and between
these reef margins emphasizes the complex nature of reef flat development and the
importance of using closely spaced core transects when interpreting reef flat accretion
rates. These results further highlight, that caution must be taken when interpreting
the timing, length and duration of past stillstand sea-levels (E.g Holocene and Last
Interglacial) on the basis of isolated cores or outcrop samples, as there is significant
variability in when and where different parts of the reef flat first approached MSL
(Woodroffe and Webster, 2014).
Chapter 4. Holocene reef flat accretion 132
4.6 Conclusion
The results from HR and OTR confirm that the traditional model of windward to
leeward lateral accretion in the GBR does not hold true for lower energy protected reef
margins. Protection from strong hydrodynamic forces is thought to increase sediment
residence time on protected reefs, providing the shallow substrate necessary for the
reef flat to extend laterally seawards. Whilst slope morphology was also explored as a
possible alternate mechanism for invoking the seaward extension of protected reef flats,
greater analysis of the fore-reef slope gradient on mid-outer platform reefs is required
before such conclusions can be made. Nevertheless, the analysis of other mid-outer
platform reefs across the GBR confirms that reef exposure and accretion direction are
closely correlated, with exposed reefs tending to accrete lagoonward and protected
reefs seaward. Our results provide the most comprehensive lateral accretion rates for
the mid-outer platform reefs of the GBR, which are broadly consistent with rates previ-
ously indentified on inshore fringing reefs. Significant spatiotemporal variations in reef
flat accretion rates both within and between exposed and protected margins over the
past 6 ka highlight the complex nature of reef flat development and suggest exposure
to wind and wave energy is not the dominant driver of lateral accretion rates.
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4.9 Supplementary information
4.9.1 Supplementary Figures
Figure 4.7: Reef profiles of the various reef transects at OTR, showing the litho-
logic and chronologic variations of individual short cores. *Represents ages deter-
mined to be not in situ or not enough information (see methods for details).
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Figure 4.8: Reef profiles of the various reef transects at HR, showing the lithologic
and chronologic variations of individual short cores. *Represents ages determined
to be not in situ or not enough information (see methods for details).
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Table 4.3: Wave exposure statistics from the reefs evaluated showing the station
from which wind data was obtained.
Name Wind Data Used 
Mean 
Relative Wave  
Exposure Value 
Min. Relative Wave 
Exposure Value 
Max 
Relative Wave 
 Exposure Value 
Carter Reef 
Lizard 
 0.258 0.009 0.633 
Yonge Reef 0.272 0.007 0.635 
Lizard Reef 0.03 0.01 0.072 
Ribbon No 5 Reef 
Agincourt 
0.398 0.003 0.764 
Gable Reef 
Hardy 
0.605 0.373 0.933 
Penrith Reef 0.397 0.02 0.685 
Bushy-Redbill Reef 0.131 0 0.224 
Cockatoo Reef  0.046 0 0.307 
Britomart Reef 
Myrmidon 
0.237 0.027 0.602 
Myrmidon Reef 0.615 0.155 0.872 
Bowl Reef 0.443 0.036 0.821 
Wheeler Reef 0.223 0.117 0.291 
Viper Reef 0.476 0.129 0.638 
Stanley Reef 0.25 0.023 0.661 
Wreck Reef 
Heron 
 0.639 0.035 1.038 
Heron Reef 0.29 0 0.88 
One Tree Reef 
One Tree 
0.632 0.051 1.069 
 
4.9.3 Supplementary References
DAVIES, P. & HOPLEY, D. 1983. Growth fabrics and growth rates of Holocene reefs
in the Great Barrier Reef. Journal of Australian Geology and Geophysics, 8, 237-251.
DAVIES, P., MARSHALL, J. & HOPLEY, D. 1985. Relationship between reef growth
and sea-level in the Great Barrier Reef. Proceeding of the second international coral
reef symposium, 3, 95-103.
DECHNIK, B., WEBSTER, J. M., DAVIES, P. J., BRAGA, J.-C. & REIMER, P. J.
2015. Holocene ’turn-on’ and evolution of the Southern Great Barrier Reef: Revisiting
reef cores from the Capricorn Bunker Group. Marine Geology.
HARRIS, D. L., WEBSTER, J., VILA-CONCEJO, A., HUA, Q., YOKOYAMA, Y. &
REIMER, P. 2015. Late Holocene sea-level fall and turn-off of reef flat carbonate pro-
duction: Rethinking bucket fill and coral reef growth models. Geology, 43, 175-178.
HOPLEY, D. The age of the outer ribbon reef surface, Great Barrier Reef, Australia:
implications for hydroisostatic models. Proc. Third Int. Coral Reef Symp. Miami,
1977. 23-28.
HOPLEY, D. 1982. The Geomorphology of the Great Barrier Reef: Quaternary
Chapter 4. Holocene reef flat accretion 149
Development of Coral Reefs In: WILEY-INTERSCIENCE (ed.). New York: Wiley-
Interscience.
HOPLEY, D., DAVIES, P., HARVEY, N. & ISDALE, P. 1981. The Geomorphology
of Redbill Reef, Central Grear Barrier Reef. Proc. Fourth Intern. Coral Reef Congr.
Manila, 1, 540-547.
HOPLEY, D. & HARVEY, N. Radiocarbon ages and morphology of reef tops in the
Great Barrier Reef between 14 39’ S and 20 45’ S: indicators of shelf neotectonics.
Proc 4th Int Coral Reef Symp, 1981. 523-530.
HOPLEY, D., SMITHERS, S. G. & PARNELL, K. 2007. The geomorphology of the
Great Barrier Reef: development, diversity and change, Cambridge University Press.
JOHNSON, D., CUFF, C. & RHODES, E. 1984. Holocene reef sequences and geo-
chemistry, Britomart Reef, central Great Barrier Reef, Australia. Sedimentology, 31,
515-529.
KLEYPAS, J. & HOPLEY, D. Reef development across a broad continental shelf,
southern Great Barrier Reef, Australia. Proc, 1992. 1129-1141.
MARSHALL, J. 1985. Croos-shelf and facies related variations in the submarine ce-
mentation on the Central Great Barrier Reef. Proceeding of the fifth international
coral reef symposium, 3, 221-226.
REES, S., OPDYKE, B., WILSON, P., KEITH FIFIELD, L. & LEVCHENKO, V. 2006.
Holocene evolution of the granite based Lizard Island and MacGillivray Reef systems,
Northern Great Barrier Reef. Coral Reefs, 25, 555-565.

CHAPTER 5
SUCCESSIVE PHASES OF
HOLOCENE REEF FLAT
DEVELOPMENT: EVIDENCE FROM
THE MID- TO OUTER GREAT
BARRIER REEF
Belinda, DECHNIK1, Jody M. WEBSTER1, Gregory E. WEBB2, Luke NOTHDURFT3, Jian-
xin ZHAO2
1 Geocoastal Research Group, School of Geosciences, University of Sydney, NSW, 2006, Australia.
2 School of Earth Sciences, University of Queensland, St Lucia, QLD, 4072, Australia. 3 School of
Earth, Environment and Biological Sciences, Queensland University of Technology, Gardens Point,
QLD, 4000, Australia
(See Appendix B for co-author contributions).
151
Chapter 5. Holocene reef flat hiatus 152
5.1 Abstract
A re-examination of 46 recently published U-series reef flat ages from Heron and One
Tree reefs in the southern Great Barrier Reef (GBR) identified several distinct Holocene
reef growth phases with a clear 2.3 ka hiatus in lateral reef accretion from 3.9 ± 0.01
ka to 1.5 ± 0.01 ka. An analysis of all available published radiocarbon reef flat ages
(n = 165) from 27 other mid-outer platform reefs revealed a similar hiatus between
3.6 ka ± 0.1 and 1.6 ± 0.2 ka for the northern, south-central and southern GBR.
However, no hiatus in reef flat growth was observed in reefs from the central GBR
with ages ranging from 7.6 ± 0.3 ka to 0.9 ± 0.2 ka. Several hypotheses are ex-
plored to explain these spatio-temporal patterns in reef flat development. Increased
upwelling, turbidity and cyclone activity in response to increased sea surface tempera-
ture (SST’s), precipitation and El Nino Southern Oscillation (ENSO) variability have
been ruled out as possible mechanisms of reef turn off for the mid-outer platform reefs.
Rather, a fall (∼0.5 m) in relative sea level at 4-3.5 ka is the most likely explanation
for why reef flats in the northern and southern regions turned off during this time,
consistent with previous documented reef flat demise on inshore GBR fringing reefs.
Greater hydro-isostatic adjustment of the central GBR and long term subsidence of
the Halifax basin may have provided greater vertical accommodation for the mid-outer
platform reefs of the central GBR, thus allowing these reefs to continue to accrete
vertically despite a relative fall in sea level ∼ 4-3.5 ka. Further evidence for greater
subsidence in this region includes the lack of senile reefs and dominance of incipient
and juvenile reefs in the central GBR. This suggests that these reefs approached sea
level considerably later (∼2-3 ka) than the northern and southern reefs, consistent with
their deeper antecedent substrates. However, microatoll data from one of our study
reefs in the southern GBR suggests continuous reef growth throughout the mid- to late
Holocene, at odds with the reef flat core data. However, it remains unclear whether
these microatolls were ponded at higher elevation relative to mean sea level (MSL)
during this hiatus period. Hence, further analysis of microatoll data other mid-outer
platform reefs in the northern, south-central and southern GBR is required to confirm
(or not) patterns of continuous reef growth, throughout the Holocene.
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5.2 Introduction
Over the last few decades, the global decline of modern reefs has been linked to
environmental and climatic changes in response to anthropogenic activities (Hoegh-
Guldberg, 1999, Bruno and Selig, 2007). However, recent geological and ecological
research on fossil reefs in the Great Barrier Reef (GBR) (Smithers et al., 2006, Perry
and Smithers, 2011, 2010, Leonard et al., 2015) and wider Indo-Pacific (Rooney et al.,
2004, Engels et al., 2004, Hamanaka et al., 2012, Toth et al., 2015) identified intervals
of significant reef ’turn-off’ in response to natural environmental forces earlier in their
development during the mid- to late Holocene. It is therefore important to understand
the longer term histories of coral reefs as they not only provide important information
about significant palaeoenvironmental change, but also provide greater insight into the
persistence (or not) of reef growth through time. This allows us better to recognise
when changes in reef conditions are in response to natural or anthropogenic factors
(Pandolfi and Kiessling, 2014).
Successive reef growth phases of ’turn-on’ and ’turn-off’ were identified from numerous
in-shore fringing reefs of the GBR within the past 7 ka (Smithers et al., 2006, Perry
and Smithers, 2011, 2010, Leonard et al., 2015). Specifically, hiatuses in reef growth
from 4.6 to 2.8 ka and from 5.5 to 2.3 ka were identified from these in-shore reefs and
are attributed to falling sea level and or re-suspension of terrigenous material (Perry
and Smithers, 2011, Leonard et al., 2015). Similar hiatuses in Holocene reef growth
were identified in Japan from approximately 5.9 to 5.8 ka, 4.4 to 4.0 ka and from 3.3
to 3.2 ka. They were attributed to oscillating sea level and relatively cold sea-surface
temperatures associated with a weakened Kuroshio Current (Hamanaka et al., 2012).
In Hawaii (Rooney et al., 2004, Engels et al., 2004) and Panama (Toth et al., 2012,
2015), cessation of reef accretion at 5 ka and 4 ka respectively was linked to increased
variability in ENSO events and/or increased upwelling.
Reef growth models based on more than 100 reef cores from the mid-outer platform
reef of the GBR (Hopley et al., 2007) established two main phases of Holocene reef
growth; a rapid phase of vertical accretion as reefs were forced to catch-up/keep-up
with post glacial sea level rise, and a subsequent lateral accretion phase once sea level
stabilised (Davies et al., 1985). Regional variations in the evolutionary states (juvenile,
mature and senile) of these reefs were also established, with younger reef flat ages and
lack of senile reefs identified from the central GBR, particularly on the outer shelf
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(Hopley and Harvey, 1981, Hopley, 1982). Variations in relative sea level in response
to hydro-isostatic adjustment and longer term crustal movement of the still active
Halifax basin were identified as a possible factors influencing the timing of when these
reefs first approached sea level (Hopley and Harvey, 1981, Kleypas and Hopley, 1992,
Lambeck and Nakada, 1990, Hopley et al., 2007). However, controversy remains over
the specific timing and magnitude of the Holocene highstand and subsequent smooth
or oscillating post highstand fall on the North-East coast of Australia (Lewis et al.,
2012, 2015, Leonard et al., 2015). While it is generally accepted that relative sea
level reached a maximum of 1-1.5 m above present mean sea-level (pmsl) by ∼7 ka
(Lewis et al., 2012), there have been many interpretations of sea level fall after the
mid-Holocene highstand, including: 1) a smoothly falling sea level to present (Chap-
pell, 1983); 2) a highstand that remained until ∼2 ka (Sloss, 2007) or 1.2 ka (Lewis
et al., 2015) and then abruptly fell to present levels; and 3) an oscillating sea level,
with meter scale fluctuations (Baker and Haworth, 2000, Lewis et al., 2008, Leonard
et al., 2015). As reef growth is highly sensitive to variations in sea level (Woodroffe
and Webster, 2014), a fall or possible oscillation in sea level should be reflected in
the growth response of mid-outer platform reefs across the GBR. However, whether
hiatuses in reef flat growth exist regionally from the northern to the southern mid-outer
platform reefs has yet to be investigated, with only a single study from One Tree Reef
in the southern GBR suggesting a hiatus in reef growth at ∼2 ka (Harris et al., 2015).
Moreover, most of the previous reef growth models on the mid-outer platform reefs
were based on either one, or a few, isolated cores distributed over a range of reef zones
commonly biased towards windward margins (Davies and Hopley, 1983). As recently
demonstrated by Webb et al., (2016) and Dechnik et al., (2016), only closely spaced
(< 50 m) core transects can capture the full response of platform reefs to the Holocene
stillstand, including the timing of when these reefs first approached mean sea level and
the direction and rate of subsequent reef flat progradation. However, whether this
progradational growth was continuous throughout the mid- to late Holocene or was
interrupted by reef growth hiatuses, has yet to be explored.
To address these problems directly we re-analysed chronostratigraphic data based on
46 U-series ages from 34 closely spaced short cores from two mid-outer platform reefs
in the Southern GBR (Dechnik et al., 2016), in conjunction with all other available pre-
viously published reef core data (n = 146 radiocarbon ages) from 27 other mid-outer
platform reefs in the GBR. Our specific objectives were to: 1) undertake a detailed
chronological analysis of closely spaced shallow core transects across the reef flats at
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Heron and One Tree reefs to establish the timing of when these reefs first approach sea
level; 2) compare these results to those from 27 other mid-outer shelf reefs to identify
any regional patterns in reef flat growth and development throughout the Holocene;
and 3) clearly identify, date and constrain any hiatuses in reef growth using age data
and try to attribute these responses to any sea level, climatic or environmental changes.
5.3 Location and Methods
5.3.1 Study sites
In order to compare regional patterns in reef flat development we collated 164 previously
published radiocarbon ages from 27 mid-outer shelf reefs (Figure 1 and Supplementary
Table 1) in combination with 46 recently published (Dechnik et al., 2016) U-series ages
from drilled short cores at Heron and One Tree reefs (Figure 1). Previously published
microatoll dates from One Tree Reef (Harris et al., 2015) were also included in our
analysis to provide a spatial and temporal comparison between different data sets (i.e.,
short cores vs microatolls).
5.3.2 Regional setting, climate and oceanography
Variations in physical characteristics with latitude allow the GBR to be divided into four
distinct regions (Great Barrier Reef Marine Park and Unesco, 1981, Wolanski, 1994,
Hopley et al., 2007). 1) The northern GBR extends from 11◦ to 16◦ S and is dominated
by ribbon reefs, characterised by steep elongate algal encrusted windward rims with
no distinct leeward margins. Water depths are typically less than 36 m with the mid-
to outer shelf reefs located approximately 40 km offshore. 2) The central GBR (16◦ S
to 20◦ S) is characterised by scattered platform reefs separated by distances as great
as 5-10 km. Water depths range from 36-55 m with the majority of mid-outer shelf
reefs located 50-100 km offshore. 3) The south-central GBR, including the Pompey
Complex, (20◦ S to 21◦ S) occur where the shelf is widest, with most mid-outer shelf
reefs located 100-180 km offshore. The reefs on the mid-shelf are typically platform
reefs, whereas the outer shelf is characterised by large deltaic reefs. The highest tidal
currents of the entire GBR are located in this region, exceeding 4 m s-1, and water
depths reach 80 m. 4) The southern GBR extends from 21◦ S to 24◦ S and includes
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Figure 5.1: Locality map of the GBR, showing the location of the Halifax Basin
(red dotted line) and all 29 reefs studied in this paper, including Heron and One
Tree reefs.
the Swains Reefs and the Capricorn-Bunker groups of reefs. Water depths reach 140
m in the Swains complex and 40-70 m in the Capricorn-Bunker groups with most reefs
located 70-250 km offshore. The Swains reefs typically consist of a series of tightly
packed lagoonal platform reefs, whereas reefs of the Capricorn-Bunker group are char-
acterised by isolated platform reefs, several of which have well developed shingle cays
(Hopley et al., 2007).
The GBR has a tropical climate influenced by an equatorial low pressure zone dur-
ing the summer months and subtropical high pressure zone during the winter months
(Wolanski, 1994). The south-easterly trade winds dominate most of the year, with
north-westerly’s occurring from January to March (Kench and Brander, 2006). Rain-
fall patterns vary regionally, the highest rainfall occurring in the central GBR between
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16◦S and 18◦S with a mean annual rainfall of 2,049 mm (Australian Bureau of Meteo-
rology, 2013). Rain fall averages generally decrease to the south but there are pockets
of higher rainfall such as around the Mackay region (Australian Bureau of Meteorol-
ogy, 2013). Tropical cyclones are common throughout the region, with an average
2.8 cyclones per year coming most frequently from the northern to south-central GBR
(12-20◦S), with the most intense (category 4 and 5) cyclones occurring in the central
and south-central regions (19-22◦ S) (Puotinen et al., 1997). Monthly mean Sea Sur-
face Temperatures (SST) range from a summer maximum of 29◦C north of 14◦S, to
less than 22◦C during winter in the south (24◦S) (Lough, 2007). Tides are typically
semi-diurnal, becoming more diurnal towards the north near Torres Straight. The tidal
range is typically 2.5-3 m along most of the coast except the northern section of the
Swains reefs, between 21◦-23◦ S, where the maximum tidal ranges increase to 6-9 m
(Wolanski, 1994).
5.3.3 Short Core collection and logging
A total of 32 short cores, approximately 1 m in length, were collected with a hand
held petrol driven motor attached to a 5 cm diameter diamond core bit (Dechnik et
al., 2016). Cores were logged using a combination of sample material, petrographic
thin sections and digital images. Lithologic characteristics, coral identification and the
presence of coralline algae and associated biota were identified and logged, the details
of which can be found in Dechnik et al., (2016).
5.3.4 Core chronology and dating
Of the previously published dates, only ages within the top 3 m of the core were con-
sidered as this depth would have occurred when reefs were within the wave base depth
range, representing the time at which reefs first approached modern sea level (Davies
and Marshall, 1979, Davies and Hopley, 1983, Hopley et al., 2007). To provide a
consistent comparison of reef flat surface elevation to sea level, core depths from all
sites were re-plotted relative to MSL. To the best of our knowledge we included only
ages we consider to be in-situ based on available published literature (Supplemental
Table 1). U-series dates from the shallowest 1.5 m of cores may be affected by a minor
age anomaly (too old), but age offsets most likely would have been less than 200 years
(Webb et al., 2016).
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All 46 coral dates from One Tree and Heron reefs, as well as details of the U-series
dating, were reported in Dechnik et al. (2016). Previously published radiocarbon ages
were re-calibrated using calibration software (Calib7.0) (http://calib.qub.ac.uk/calib/;
Accessed June 2014). Marine reservoir correction value ∆ R 12 ± 5 was used in all
calculations as this represents the best estimate of variance in marine reservoir effect
for the mid-outer shelf reefs along the East Australian coast (Druffel and Griffin, 1999),
at least for the last ∼4.5 ka. However, for ages older than ∼5.4 ka (49 ages in this
study), there may be significantly larger ∆ R (∼410 yrs), potentially resulting in larger
calibrated age errors (Hua et al., 2015).
5.4 Results
For the purposes of this study we define reef ’turn-off’ as the point where the reef
flat (defined as including the reef crest, coralgal flat, rubble band and coral windrows,
(Dechnik et al., 2016)) ceases to accrete vertically and laterally, although significant
amounts of coral and coralline algae may continue to grow on the outer reef slope and
deeper in the back reef lagoon (Buddemeier and Hopley, 1988, Perry et al., 2011).
More than 80% of the recently dated in-situ reef flat corals at Heron and One Tree
reefs approached MSL between 6.8 ± 0.02 ka and 3.9 ± 0.01 ka (Figure 2) as the reefs
exhibited catch-up behavior (Dechnik et al., 2015, Webb et al., 2016) corresponding
to the approximate timing of the mid-Holocene warm interval (Hopley, 1982, Gagan
et al., 1998). A 2.3 ka hiatus followed, with no apparent significant reef flat growth
occurring between 3.9-1.5 ka, indicating that the reefs ’turned-off’ during this interval
(Figure 2). Five recently published microatoll dates that range from 3.86 ± 0.18 ka to
2.23 ± 0.2 ka (Harris et al., 2015) were recovered from One Tree Reef at slightly higher
elevations (∼0.2 m) than the surrounding reef flat (Figure 2). The upper growth lim-
its of these microatolls are interpreted to represent palaeo-mean low water neap and
their elevations to represent paleo-mean low water spring. Hence, when combined with
the short core reef flat data at One Tree Reef, no hiatus in reef flat growth is observed.
Fossil microatolls from the other mid-outer shelf reefs in the northern, south-central
and southern GBR are yet to be sampled. Available reef flat core data (N = 79) across
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27 reefs show a similar pattern to the Heron and One Tree reef core data, with a ma-
jority of reefs approaching MSL between 7.1 ± 0.2 ka and 3.6 ± 0.3 ka, with a distinct
hiatus in reef growth between 3.6 ± 0.3 ka and 1.6 ka ± 0.2 (Figure 3a). However, no
such hiatus in reef growth is evident for reefs from the central GBR, with ages ranging
continuously between 7.6 ± 0.3 ka and 0.9 ± 0.3 ka, suggesting uninterrupted growth
through the Holocene. Furthermore, a clear pattern between age and distance from
the coastline occurs across the mid- to outer shelf on the central GBR, with the oldest
ages (∼7.5-5 ka) clustering on the mid-shelf and the youngest ages (< 4 ka) clustering
on the outer shelf within the bounds of the Halifax Basin (Figure 4). It should also be
noted that the previously established depths of the Pleistocene foundations (Hopley et
al., 2007) for the fore-mentioned reefs of the outer central GBR are on average 5-10
m deeper than for reefs of the northern, south-central and southern GBR (Figure 5).
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Figure 5.5: Depth of Holocene/Pleistocene boundary based off all available pub-
lished reef core data from the mid-outer platform reefs and fringing of the GBR,
relative to distance from the East Australian Coast.
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5.5 Discussion
5.5.1 Reef flats first approach mean sea level
With the exception of the microatoll data at One Tree Reef, the timing of reefs reach-
ing mean sea level and accreting laterally (i.e., progradation) in the mid-outer platform
reefs in the northern, south-central and southern GBR is broadly consistent at ∼7.1-
3.6 ka across the three regions (Figure 3), confirming and better constraining the
previously established reef growth models for mid-outer shelf reefs (Davies and Ho-
pley, 1983, Hopley et al., 2007, Dechnik et al., 2015). Conditions from 8 ka to 6
ka were thought to be ideal for vertical reef accretion, as sea levels were on average
5-15 m above the antecedent reef platforms, creating optimal accommodation for reef
growth (Davies and Hopley, 1983, Hopley et al., 2007, Dechnik et al., 2015). Reduced
mass accumulation rates of siliciclastic sediments in the northern (Dunbar and Dick-
ens, 2003) and southern (Bostock et al., 2009, Dechnik et al., 2015) GBR during this
interval also may have helped facilitate optimal conditions for reef flat accretion, with
evidence of less intense rainfall regimes and decreased flushing of terrigenous sediment
from approximately 8 ka to 5.5 ka (Hopley, 1984, Smithers et al., 2006, Perry and
Smithers, 2011, Roche et al., 2014). This is consistent with marine palaeoclimatic
records from tropical Australasia, suggesting that increased monsoon conditions did
not occur until after 4 ka, providing optimal conditions for reef ’take-off’ ∼8-6 ka
(Reeves et al., 2013). Lateral progradation followed (∼6 ka to 3.6 ka) (Figure 6A) in
response to the stabilisation of relative sea level and reduced vertical accommodation
(Davies and Hopley, 1983, Hopley et al., 2007). Progradation occurred as either sea-
ward or lagoonward expansion of the reef flat, the direction of which was controlled
by hydrodynamic exposure and/or sediment residence time (Dechnik et al., 2016).
These results are broadly consistent with both the wider Indo-Pacific (Cabioch et al.,
1995, Camoin et al., 1997, Montaggioni, 2005) and Caribbean reefs (Neumann and
Macintyre, 1985, Gischler and Hudson, 1998, Gischler and Hudson, 2004), showing
both initial vertical accretion and then lateral progradation of the reef flat in response
to sea level stabilisation and reduced accommodation. Differences in the precise tim-
ing of when these reefs first approached sea level and the transition to progradational
growth at these locations (ranging from 6 ka to 2 ka) are related, in part, to dif-
ferences in the timing of relative sea level changes that result from glacial isostatic
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adjustment or tectonic movement (Lambeck et al., 2010). This is best demonstrated
in the Caribbean, where relative sea level has been continuously rising up until present
(Dullo, 2005). Consequently these reefs were only able to ’catch-up’ to sea-level ∼2
ka, resulting in a more recent transition to progradational growth as compared to many
Indo-Pacific reefs (Montaggioni, 2005).
For inshore fringing reefs of the GBR, >90% of reef flat vertical and lateral accre-
tion occurred prior to 5.5 ka (Smithers et al., 2006). However, a majority of fringing
reefs on the inshore reef developed on much shallower initial substrates (5-10 m below
MSL) compared to the mid-outer platform reefs (12-25 m below MSL) (Figure 5).
Hence, these inshore fringing reefs would have rapidly filled all the available vertical
and lateral accommodation, outgrowing their foundation more rapidly than the mid-
outer platform reefs. Only minor amounts of progradational growth were documented
on these reefs from 5.5 to 4.8 ka. However, similar to the results of the mid-outer
platform reefs in this study, active fringing reef flat progradation ceased by ∼4.6- 3 ka
(Smithers et al., 2006, Leonard et al., 2015).
5.5.2 Hiatus in reef flat growth
Distinct periods of reef ’turn-off’ during the mid- to late Holocene have been identified
in reefs from the inner GBR, Pacific Panama, Japan and Hawaii. Along the inner cen-
tral GBR, Smithers et al. (2006) and Perry and Smithers (2010, 2011) found distinct
hiatuses between 3.0 and 2.3 ka, 4.5 and 1.3 ka and 5.5 and 2.3 ka, respectively. A
more recent study of fossil microatolls in the Keppel Islands identified a 2 ka hiatus in
reef flat growth between 4.6 and 2.8 ka, with a possible earlier fall in relative sea level
at ∼5.5-5.3 ka (Leonard et al., 2015) (Figure 7). Cessation of reef growth in Hawaii
and Panama occurred at approximately 5 ka and 4 ka respectively (Grigg, 1998, Gross-
man and Fletcher, 2004, Engels et al., 2008, Toth et al., 2012), whereas in Japan,
three distinct hiatuses were identified at approximately 5.9 to 5.8 ka, 4.4 to 4 ka and
3.3 to 3.2 ka (Hamanaka et al., 2012). Although the timing of these hiatuses differs,
these authors suggested that the reefs turned off when sea level fell from its maximum
during the mid-Holocene highstand and/or were impacted by changing sediment flux
and increased ENSO variability, both of which are associated with subtle changes in
sea level and sea-surface temperature over the last 7 ka.
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Figure 5.7: Summary of spatial and temporal patterns of reef flat growth on the
inner and outer GBR, based on reef flat core data and fossil microatolls. Periods of
distinct reef flat growth are show in blue, whilst hiatus events are shown in orange.
Increased turbidity conditions in the inner GBR were linked to increased terrigenous
sediment accumulation and the sea-ward extent of the Terrigenous Sediment Wedge
(TSW), a product of post-highstand shoreline progradation in response to falling sea
level (Larcombe and Woolfe, 1999, Perry and Smithers, 2010). This significant volume
of easily re-suspended sediment would have increased turbidity, creating inhospitable
conditions for reef growth on the inner GBR (Smithers et al., 2006, Perry and Smithers,
2011). Furthermore, spectral luminescence ratios from inshore Porites microatolls on
the central GBR suggest that these reefs experienced strong flood events and greater
annual range of salinity at ∼4.7 ka than at present (Roche et al., 2014). The differ-
ence was attributed to a more active Australian-Indonesian Summer Monsoon system,
which may have further exacerbated conditions that limited significant reef growth on
the inner GBR (Griffiths et al., 2010, Roche et al., 2014). However, for the mid-outer
shelf reefs in this study, the greater distance from terrigenous sources would greatly
reduce their exposure to sediment flux and discharge (Orpin et al., 1999, Neil et al.,
2002). Whilst evidence of siliciclastic sediment has been identified in cores along the
outer North-East Australia margin (Dunbar et al., 2000, Dunbar and Dickens, 2003),
peak siliciclastic discharge occurred between 11 ka and 7 ka, significantly earlier than
the hiatus and lower sea levels reported in this study.
In the North-West Pacific increased swell and hurricanes events associated with in-
creased ENSO variability were interpreted to be responsible for significantly reduced
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reef accretion around several Hawaiian Islands (E.g. Kaua’I, O’ahu and Moloka’i) ∼5
ka ago (Rooney et al., 2004). Increased ENSO variability, coupled with seasonal up-
welling in Pacific Panama, is thought to have caused a 2.5 ka hiatus in reef growth
in the tropical Eastern Pacific beginning at 4 ka (Toth et al., 2012, 2015). Whilst in-
creased ENSO variability (∼4-5 ka) in the Indo-Pacific remains controversial (Clement
et al., 2000, Corrge et al., 2000, McGregor and Gagan, 2004, Cobb et al., 2013, Mc-
Gregor et al., 2013), warmer and wetter conditions during the mid-Holocene have been
identified both from fossil corals in the GBR (Gagan et al., 1998, Gagan et al., 2004,
Roche et al., 2014) and from terrestrial records from North-East Australia (Kershaw,
1976, Kershaw, 1983, Nott and Price, 1994, Shulmeister and Lees, 1995, Reeves et
al., 2013). Wetter climatic conditions during the mid-Holocene would have resulted in
stronger flood events and a greater annual range of salinities, particularly for the cen-
tral GBR (Roche et al., 2014) located adjacent to the Burdekin river (the largest river
in North-east Queensland). However, continuous reef growth in this region throughout
the mid-Holocene suggests that these factors did not significantly affect reef growth
on the mid-outer shelf. Additionally, storm deposits at Curacoa Island on the central
GBR showed no increase in the frequency of cyclones over the past 5 ka, suggesting
that these warmer and wetter conditions were not accompanied by more frequent cy-
clones (Hayne and Chappell, 2001). In a more comprehensive investigation, Nott and
Hayne (2001) demonstrated that there was no regional increase in cyclone frequency
and intensity across the GBR over the last 5 ka. Therefore, as no regional differences
were observed between northern, central and southern reefs (Figure 3), climatic vari-
ations and associated cyclone frequency and intensity during the mid-Holocene is not
a plausible mechanism for the observed reef ’turn-off’.
Intense seasonal upwelling was identified as a secondary contributor to reef turn-off
on many of the Eastern Pacific Panama reefs, resulting in increased turbidity and de-
creased oceanic pH (Toth et al., 2012, 2015). Increased upwelling of cool, nutrient-rich
water via shelf break upwelling or tidal jetting in the northern and central regions of
the GBR at ∼11 ka has been considered responsible for supporting the construction
of large Halimeda bioherms behind reef platforms on the mid-outer shelf (Wolanski et
al., 1988, Searle and Flood, Hopley et al., 2007). However, only small accumulations
of Halimeda have been identified within the Holocene platform reefs themselves with
no regional variations in Halimeda abundance in the northern, central or southern reefs
(Davies and Hopley, 1983, Hopley et al., 2007). This suggests little or no enhanced
upwelling has occurred in these regions over the last 8 ka.
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The three distinct reef hiatuses (5.9-5.8 ka, 4.4-4.0 ka and 3.3-3.2 ka) at Kodakara
Island in Japan have been attributed to both variations in sea level and millennial-scale
climate instability (Hamanaka et al., 2012). Specifically, the first reef flat hiatus was
attributed to cold events in the North Atlantic and low SST’s in the Western Tropical
Pacific (Hamanaka et al., 2012), while the subsequent two hiatuses were associated
with sea level oscillations of < 2 m, over centennial time scales. Similarly, a fall or sub-
tle oscillation in sea-level from 4.8 to 4.6 ka has been considered the most likely cause
of reef-turn off on the inner GBR (Smithers et al., 2006, Perry and Smithers, 2011,
Leonard et al., 2015) (Figure 7). Smithers et al., (2006) suggested that a 0.1-0.15 m
fall in sea level during this interval was adequate to turn off reef flat production on
the inner shelf and restrict growth to reef edge environments (Smithers et al., 2006).
However, a more recent investigation of inner shelf fringing microatoll data suggests
a more complicated story with possible centennial scale sea level oscillations (Leonard
et al., 2015). Those authors suggested that relative sea level fell by at least 0.4 m
from a +0.75 m highstand between 5.5 to 5.3 ka, which was maintained for ∼ 200
yr before returning back to higher levels. A second fall in sea level (∼0.5 m) at 4.6
ka was identified, followed by a 2 ka hiatus in reef flat growth (Leonard et al., 2015).
In a comprehensive re-analysis of all sea level proxies collected from the North-East
Queensland region, Lewis et al. (2012) concluded that a ∼0.5 m fall in sea level at
∼4-3.5 ka reflected the most reliable data for a mid-Holocene sea level fall for the GBR
region, with a further ∼1 m fall at 1.2 ka (Lewis et al., 2015). Despite the ambiguity
in our own data set (reef flat elevations represent the minimum height of relative mean
sea level), cessation of reef growth between 3.6-1.7 ka is consistent with this fall in
relative sea level (Figure 3). However, the larger palaeo-depth errors associated with
reef flat data may have masked an earlier sea level fall at approximately 5.5-5.3 ka,
which was suggested by inner shelf microatolls (Leonard et al., 2015).
Nevertheless, a fall in sea level and subsequent reef turn off at ∼3.6 ka is not supported
from microatoll data at One Tree Reef (Figure 2). These microatoll dates suggest that
that sea level remained at a +1-1.3 m highstand until approximately 2 ka and then
abruptly fell from its maximum, resulting in the turn-off of reef flat carbonate produc-
tion and the consequent cessation of lagoonal infilling (Harris et al., 2015). However,
it remains unclear whether these microatolls located on the inner reef rim were ponded
at higher elevation than the surrounding relative sea level, possibly masking an earlier
fall in sea level at 4-3.5 ka. Thus, whilst the reef flat ages obtained from reef cores
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in both the northern and southern regions of the GBR show a distinct hiatus in reef
flat growth correlating with an apparent 0.5 m regional fall in sea level (Figure 3),
additional microatoll data obtained from open reef flat habitats from these reefs are
needed to confirm (or not) this hiatus in reef flat growth.
Data from the central GBR also do not support a fall in sea level at ∼3.9 ka (Figure
3). Hopley and Harvey (1981) recovered a series of short cores representing the inner
to outer reefs in the central GBR and noted a decline in reef flat elevation seawards,
with progressively younger reef flat ages on the outer reef margin (Figure 5). Similar
patterns were observed in the south-central GBR where the inshore fringing reefs first
approached MSL 2-3 ka earlier than the mid-outer shelf reefs (Kleypas and Hopley,
1992). This pattern was interpreted as a result of continental shelf margin down-
warping owing to glacio-hydro-isostatic adjustment and subsidence along tectonic lin-
eaments and/or within the still active Halifax Basin (Hopley and Harvey, 1981, Hopley,
1982, Kleypas and Hopley, 1992). A subsiding outer shelf would allow continued verti-
cal accretion on the mid-outer shelf (Hopley and Harvey, 1981) even through a minor
regression or fluctuation in sea-level at ∼4-3.5 ka (Figure 6B). Subsequent geophysical
models of the North-East coast of Australia showed sea level highstands varying from
0.5-2.4 m above present MSL ∼6 ka, with the largest predicted highstands occurring
on the coast adjacent to the central GBR (Nakada and Lambeck, 1989, Lambeck and
Nakada, 1990). Those authors suggested that the greater width of the shelf on the
central GBR in comparison to the northern and southern regions would allow greater
water loading, producing a hinge response of continental shelf margin down-warping
on the outer shelf and uplift along the coast. Using these predicted amplitudes of
Holocene high stands, based on upper and lower mantel viscosities (1-2 X 1020 Pa s-1
and 1022 Pa s-1 respectively), Nakada and Lambeck (1989) suggested a maximum 6
m cross shelf tilting of the continental edge from the inner to outer shelf (145◦ to
150◦ E) along the central GBR (18◦S). Specifically for the mid-outer platform reefs,
this corresponds to approximately 2 m of shelf tilting over the last 8 ka (Nakada and
Lambeck, 1989).
Further evidence of hydro-isostatic adjustment and/or subsidence on the central mid-
outer shelf comes from the notable absence of mature lagoonal and senile reefs from
Cairns to South of Townsville (Hopley et al., 2007). This absence was first noted
by Hopley and Harvey (1981), who suggest that the degree of development of reefs
on the central GBR appeared more juvenile and less developed than the northern and
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southern GBR. Lewis and Hutchinson (2001) mapped the distribution of reef matu-
rity across the GBR using a GIS-based depth elevation model. Results showed planar
reefs dominated only in the northern and southern GBR, South of 20◦E and North of
16◦E, respectively (Lewis and Hutchinson, 2001). These data suggest that reefs of
the intervening latitudes reached sea level much later and had less time to develop
from juvenile to senile growth phases, consistent with the models of reef maturity for
the mid and outer platform reefs of the GBR (Hopley, 1982, Hopley et al., 2007).
Long term subsidence of the central GBR also can be observed when comparing the
maximum depth to the Pleistocene of mid-outer platform reefs over the entire GBR
region. Figure 5 shows the outer central platform reefs are on average 5-10 m deeper
than the northern or southern platform reefs. This suggests that the outer central
GBR has been subsiding at a greater rate than the northern and southern GBR, most
likely in response to the still active Halifax basin (Hopley, 1982) and the lack of a
reef flat hiatus in the present data suggest that this subsidence was active during the
Holocene.
5.5.3 Reefs Flat accretion since 1.5 ka
Reef flat growth on the inner GBR was suggested to have re-initiated at approximately
2 ka following a 3.2 ka hiatus in reef growth (Perry and Smithers, 2011). Those
authors suggested that new reefal habitat would have become available for reef coloni-
sation following sea level stabilisation and the consequent stalling of the terrigenous
sediment wedge (Perry and Smithers, 2011, Smithers et al., 2006). Re-initiation of
microatoll growth in the Kepple Islands was also identified at ∼2.8-2.5 ka at slightly
higher elevations (Leonard et al., 2015). Thus, it was postulated that a final rise in
sea level occurred during this interval, before finally falling to present levels. However,
this remains an issue of contention with multi-proxy data (e.g., microatolls, tubeworm-
barnacles, reef flat cores) showing divergent sea level trends within this region (Harris
et al., 2015, Baker and Haworth, 2000, Perry and Smithers, 2011).
What caused the renewed phase of reef flat turn-on remains somewhat unclear for
the mid outer platform reefs. Nevertheless in this study, the majority of the few ages
showing evidence for reef accretion after 1.6 ka are located at either Heron or One
Tree reefs (Figure 3). For Heron Reef these ages come from the most sea-ward core
located at the edge of the reef slope, whereas at One Tree Reef they are located on the
lagoonal sloping windrows (Dechnik et al., 2016). Similarly the ages from the northern
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(Ribbon Reef 5) and south-central (Redbill and Gable) cores are located close to the
seaward or lagoonal margins (Supplemental Table 1), suggesting that this pattern is
not likely biased by the greater number of ages obtained from Heron and One Tree
reefs. This suggests that these reefs were able to accrete following the suggested
fall in sea level ∼4-3.5 ka as they were located on the outer-most reef margins, rep-
resenting the top-most living reefs growing on the sea-ward reef slopes or lagoonal
walls (Figure 6). This is consistent with recent models of Holocene reef accretion in
relation to stillstand sea level history, which show the youngest reef flat ages consis-
tently occurring on the outermost seaward or lagoonal margins (Dechnik et al., 2016).
Furthermore, Harries et al., (2015) suggested that the termination of live microatoll
growth at One Tree Reef ∼2 ka was a result of a 1-1.3 m fall in sea level, resulting in
an ecological phase shift from a live coral dominated reef flat to a less productive algal
rubble dominated reef flat. Alternatively, ponding may have been breached at this
time and the internal sea level dropped, changing the sediment dynamics and exposing
the previously ponded microatolls. Nevertheless, despite the difference in the timing
of the relative sea level fall suggested by the different data sets, the microatoll and
short core data suggest active reef flat progradation would have been restricted after
∼2 ka, across majority of the reef flat, with continuous progradation limited to outer
reef margin environments. It is therefore unlikely that the mid-outer reef flats turned
back on, as was suggested for the inner GBR fringing reefs, but rather continued to
prograde laterally on the outer reef margins, following a regression in sea level.
5.6 Conclusions
Based on analysis of 46 shallow coral U-series ages from Heron and One Tree reefs
and 164 recalibrated previously published ages from 27 other mid-outer platform reefs,
the following conclusions can be drawn about Holocene reef flat growth over the last
7 ka:
1. Heron and One Tree reefs first approached modern sea level between 6.8 and 3.9
ka, when climatic conditions were optimal for reef accretion. This was followed
by a distinct hiatus in reef growth between 3.9 ka and 1.5 ka. An analysis of
all other available previously published radiocarbon ages from 27 mid-outer shelf
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reef flats revealed a similar hiatus between 3.5-1.6 ka for the northern, south-
central and southern GBR. Reefs of the central GBR, on the other hand, do not
show this apparent hiatus in reef flat growth. Microatolls that date to the time
of the hiatus at One Tree Reef could reflect ponding at this time, but additional
dates are required from microatalls of reefs across the different regions.
2. A relative fall in sea level of ∼0.5 m represents the most likely explanation
for this reef flat turn-off in the northern and southern regions; supporting the
hypothesis that sea level fell from its maximum highstand at approximately 4-
3.5 ka. Increased turbidity and cyclone activity, in response to close proximity to
terrestrial sources and increased SST’s, precipitation and ENSO variability have
been ruled out as mechanisms of reef turn off at this time.
3. The absence of hiatus in reef growth in reefs from the central GBR, with reef
flat ages ranging continuously from 7.6-0.8 ka, may reflect greater subsidence of
the mid-outer central GBR in response to hydro-isostatic adjustment and long
term subsidence from the still active Halifax Basin, which provided adequate
accommodation throughout the Holocene to maintain a healthy carbonate fac-
tory capable of progradation. This interpretation is supported by younger reef
flat ages on the central outer shelf and lack of senile reefs between Cairns and
Townsville.
4. Whilst the cause of the renewed reef flat turn on remains unclear, of the few
ages that show evidence of recent reef flat accretion after 1.6 ka, all occur on
the most sea-ward or lagoon-ward reef flat, representing progradational growth
on the outer-most reef margins, consistent with previously document accretional
growth direction for the mid-outer platform reefs.
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6.1 Abstract
Reef response to Last Interglacial (LIG) sea level and palaeoenvironmental change has
been well documented at a limited number of far-field sites remote from former ice
sheets. However, the age and development of LIG reefs in Great Barrier Reef (GBR)
remain poorly understood due to their location beneath modern living reefs. Here we
report thirty-nine new mass spectrometry U-series ages from seven LIG platform reefs
across the northern, central and southern GBR. Two distinct geochemical populations
of corals were observed, displaying activity ratios consistent with either closed or open
system evolution. Our closed-system ages (∼129-126 ka) provide the first reliable LIG
ages for the entire GBR. Combined with our open-system model ages, we are able to
constrain the interval of significant LIG reef growth in the southern GBR to between
∼129-121 ka. Using age-elevation data in conjunction with newly defined coralgal as-
semblages and sedimentary facies analysis we have defined three distinct phases of LIG
reef development in response to major sea level and oceanographic changes. These
phases include: Phase 1 (>129 ka), a shallow-water coralgal colonisation phase fol-
lowing initial flooding of the older, likely Marine Isotope Stage 7 (MIS7), antecedent
platform; Phase 2 (∼129 ka), a near drowning event in response to rapid sea-level rise
and nutrient-rich upwelling and; Phase 3 (∼128-121 ka), establishment of significant
reef framework through catch-up reef growth, initially characterised by deeper, more
turbid coralgal assemblages (Phase 3a) that transition to shallow-water assemblages
following sea-level stabilisation (Phase 3b). Coralgal assemblage analysis indicates that
the palaeoenvironments during initial reef growth phases (1 and 2) of the LIG were
significantly different than the initial reef growth phases in the Holocene. However,
the similar composition of ultimate shallow-water coralgal assemblages and slow reef-
accretion rates following stablisation of sea level (phase 3b) suggest that reefs of both
ages developed in a similar way in response to relatively stable sea level.
6.2 Introduction
Numerous investigations of fossil reefs have helped constrain sea level and palaeocli-
mate conditions during the LIG (e.g. Crame, 1981, Pandolfi, 1996, Stirling et al.,
1998, Lambeck and Chappell, 2001, Dutton et al., 2015b) However, many studied
reefs occur as tectonically uplifted reef terraces or outcrops, several meters or more
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above Present Mean Sea Level (PMSL), enabling easy access. In contrast, the origin
and history of LIG reefs in the Great Barrier Reef (GBR) remain poorly understood,
as the majority of these deposits occur as much as 40 m below the modern living reef
surface. Rare exceptions include a few fringing reef outcrops located farther south of
the GBR (Pickett et al., 1989, Kleypas, 1996) with poorly constrained open-system
ages (119 to 155 ka). Few high quality cores of pre-Holocene substrate have been
recovered in the GBR (Richards and Hill, 1942, Davies and Hopley, 1983, Marshall
and Davies, 1984, Davies, 1974). Of those cores, few observations of specific coralgal
assemblages and facies composition were made (Marshall and Davies, 1984, Webster
and Davies, 2003, Braga and Aguirre, 2004, Braithwaite et al., 2004), resulting in
limited interpretations of past sea level and palaeoclimate. Poor age control resulting
from sparse open-system ages obtained using alpha-counting techniques produced ages
ranging from 107 to 172 ka (Marshall and Davies, 1984, Pickett et al., 1989). Hence,
while these studies broadly support LIG ages for these reefs, the precise timing of reef
growth has yet to be confirmed.
In the GBR, the most comprehensive coralgal assemblage information for the pur-
ported LIG reefs comes from the Ribbon Reef 5 core, in the northern GBR (Webster
and Davies, 2003, Braga and Aguirre, 2004). There, the coralline algae and sed-
imentary facies record a transition at ∼21 m below PMSL, from shallow to deep
assemblages (Webster and Davies, 2003, Braga and Aguirre, 2004, Braithwaite et al.,
2004). However, due to a lack of comparable detailed coralgal assemblage and facies
composition data in other cores across the GBR (Marshall and Davies, 1984), a re-
gional pattern cannot be evaluated. A single U-series date form this core is consistent
with an LIG age (125.7 ± 0.6 ka), but elevated initial 234U/238U ratios indicate that the
sample was significantly diagenetically altered (Braithwaite et al., 2004). Regardless,
abundant Halimeda-rich, non-framework facies were identified in Pleistocene cores by
these and other studies from the GBR (Hopley, 1982, Hopley et al., 2007). Tidal
jetting (Wolanski et al., 1988) and shelf margin upwelling (Searle and Flood, 1988)
were identified as possible nutrient sources for Halimeda on the continental shelf dur-
ing the Holocene, supporting Halimeda bioherms behind many of the reef platforms.
However, a plausible upwelling mechanism producing Halimeda-rich deposits on the el-
evated reef-bearing platforms themselves has yet to be suggested (Hopley et al., 2007).
A recent study documented a pulse of siliciclastic sediment to the upper slopes, ad-
jacent to the northern and central GBR during the penultimate deglaciation (TII)
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(Harper et al., 2015), similar to one during the last termination (TI) (Dunbar and
Dickens, 2003a, 2003b). However, the maximum neritic aragonite export (i.e. 20-80
g/cm-2 ky) to the upper slope occurred not during the peak LIG highstand, as might
be expected, but rather during MIS-5d to 5a (Harper et al., 2015). Those authors
attributed the decline in neritic carbonate shedding during MIS-5e (i.e. 0-20 g/cm-2
ky) to drowning on the GBR platform during the LIG highstand. This controversial
hypothesis directly contradicts available age and facies information from the LIG plat-
form reefs of the GBR, which suggests - albeit based on poor age control - significant
reef growth during the LIG highstand (Marshall and Davies, 1984, Webster and Davies,
2003, Braithwaite and Montaggioni, 2009).
Far-field sites indicate that the timing and duration of LIG sea level highstand was
∼129-116 ka (Stocker et al., 2013), with global mean temperatures as much as 1◦C
warmer than present (Otto-Bliesner et al., 2013). Debate continues over whether SSTs
were also significantly warmer during the LIG (Lawrence and Herbert, 2005, Turney
and Jones, 2010, McKay et al., 2011), but latitudinal range extensions of reefs from
equatorial regions towards the poles support warmer SST’s during at least part of
this interval (Kiessling et al., 2012, Pandolfi and Kiessling, 2014). Fringing reef out-
crops, thought to be LIG in age, in eastern Australia occur as far south as Newcastle
(151◦46’44 E) and Grahamstown (148◦02’05 E) in New South Wales (Pickett, 1981,
Pickett et al., 1989). Those authors postulated that the East Australian Current (EAC)
extended much farther south during this period. This interpretation is consistent with
a more recent study by Cortese et al. (2013) who suggested that a stronger and more
intense EAC, from ∼132 to 120 ka resulted in SST’s as much as 2◦C warmer along
the east coast of Australia. Hence, the implications of reef drowning and potentially
increased SST for LIG reefs in the GBR have direct bearing on forecasting reef behavior
over the next centuries, as current climate is projected to warm to a level associated
with palaeoclimate conditions in the LIG (Dutton et al., 2015a).
Detailed information about long-term abundance and diversity of reef-builder species
is also important, as changes in reef composition could represent a distinct change in
palaeoenvironmental conditions (Woodroffe and Webster, 2014). Specifically, studies
from Pleistocene reefs in Kenya (Crame, 1981), Belieze (Gischler, 2007), Barbados
(Mesolella, 1967, Mesolella et al., 1970) and New Guinea (Pandolfi, 1996) revealed
striking similarities between Holocene and Pleistocene reef faunas. In contrast, other
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studies (Greenstein et al., 1998) show distinct dissimilarities in specific coralgal assem-
blages, implying significant differences between Holocene and Pleistocene environmen-
tal conditions. These apparent contradictions highlight the need to better characterise
pre-Holocene coralgal reef assemblages in the GBR, as they not only provide important
information about past reef response to palaeoenvironmental change, but also provide
a base line for identifying levels of natural or anthropogenically induced disturbance.
With the exception of the Ribbon Reef 5 core, no other studies in the GBR have in-
vestigated specific coralgal reef genera over longer geological timescales, i.e. greater
than 10 ka.
To address these problems directly, we first investigated the depth distribution of
modern reef biota at a representative site in southern GBR. We then used these data
to calibrate our reconstructions of palaeoenvironment (e.g. palaeowater depth, en-
ergy) using fossil assemblages from cores in the GBR. We then investigated spatial
and temporal variations in LIG reef growth across seven reefs, representing the north-
ern, central and southern GBR. Our specific objectives were to: 1) test the hypothesis
that LIG-age reefs directly underlie the Holocene reef deposits, and determine the tim-
ing and duration of significant reef growth during that interval, 2) define new fossil
coralgal assemblages based on comparisons with modern reef biota surveyed for this
study and in the wider Indo-Pacific, and discuss the implications of these assemblages
for constraining ambient palaeoenvironmental conditions, 3) use the chronologic and
stratigraphic data to develop a new conceptual model, constraining the developmental
history of the GBR during the LIG, and 4) identify any coralgal community change
between Holocene and LIG reefs, to determine to what extent GBR reef communities
were able to re-establish themselves over glacial-interglacial periods (i.e., ∼100 ka).
6.3 Location and methods
6.3.1 Study sites, climate and oceanography
Analysis were conducted on ten previously collected cores across seven reefs, includ-
ing Ribbon Reef 5 (RBR 5) from the northern GBR; Myrmidon (MYR 3) and Stanley
(STN 1) reefs from the central GBR; and One Tree (OTI 1, OTI 5, OTI 6), Fitzroy
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(FIT 2, FIT 3), Fairfax (FFX 3) and Heron (HRN) reefs from the southern GBR (Fig-
ure 1). These cores were chosen as they represent the best preserved Pleistocene reef
sections available (Hopley et al., 2007).
Ribbon Reef 5 is located on the shelf edge adjacent to the Queensland trough in
the northern GBR, 49 km east of Cooktown, forming part of the outer barrier reef.
The width of the continental shelf is narrowest in this northern region of the GBR,
measuring just 50 km across (Hopley, 1977). Stanley Reef is located on the mid-shelf
of the central GBR, whilst Myrmidon is located on the central outer shelf, within
the bounds of the Halifax Basin, approximately 123 km east of Townsville, near the
Townsville trough (Feary et al., 1991). The shelf dramatically widens in this region to
90-125 km. The highest rainfall (Australian Bureau of Meteorology, 2013) and number
of cyclones (Puotinen et al., 1997) occur in the central GBR between 16◦S and 22◦S.
One Tree, Fitzroy, Fairfax and Heron reefs are part of the 22 reefs of the Capricorn-
Bunker groups in the southern GBR, located 70 km east of Gladstone (Feary et al.,
1991). These reefs occur on the mid- to outer shelf and are structurally delineated
along the Bunker high, on a narrow shelf margin approximately 55 km across (Davies
and Hopley, 1983). The EAC diverges from the South Equatorial Current (SEC) at
approximately 15◦ S (northern GBR), but maximum velocity is not reached until 30◦ S,
close to the Capricorn-Bunker groups, where flow detaches from the coast at approx-
imately 31◦ to 32◦ S (Cortese et al., 2013). A distinct cold core eddy (the Capricorn
eddy) occurs north of this latitude, adjacent to the Capricorn Channel (Weeks et al.,
2010).
6.3.2 Modern zonation of coralgal assemblages
To better reconstruct the palaeoenvironmental setting of the GBR LIG reef deposits,
we conducted quantitative surveys of key coral reef biota (coral, coralline algae and ver-
metid gastropods) inhabiting both windward and leeward modern reef slopes (0-30 m)
at One Tree Reef (see supplementary data for detailed methodology). We utilized three
multivariate analytical approaches in PRIMER-6 to investigate depth-species relation-
ships in the coralgal assemblages across varying environmental gradients (i.e. windward
and leeward slopes), including: non-metrical multidimensional scaling (MDS); Analy-
sis of Similarities (ANOSIM) and; cluster analysis (Kulczynski (P/A)) followed by a
similarity profile (Simprof), details of which can be found in Supplementary Tables 1-4
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Figure 6.1: A) Locality map of reefs in this study from 1) The northern GBR, 2)
central GBR and 3) southern GBR. B) Location of reef cores within each reef.
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and Supplementary Figures 1-3.
6.3.3 Core collection and logging
The Heron reef core was collected by the GBR committee in 1937 (Richards and
Hill, 1942), whilst the Ribbon Reef 5 core was recovered in 1995 by the International
Consortium for GBR drilling (Alexander et al., 2001). The other eight cores were
collected by Geoscience Australia (formerly the Bureau of Mineral Resources) in the
late 1970’s (Davies and Hopley, 1983). Core recovery ranged from 53.5-98% (Table 1).
Table 6.1: Drilling summary of coring sites
Region Reef (lat/long) Core ID 
Environment 
Drilled 
Holocene/ 
Pleistocene 
Boundary (mbsl) 
Core End  
Depth (m) 
Percent 
Pleistocene 
core  
Recovery 
Northern Ribbon Reef 5 
15°22’44.68”S; 
145°47’8.28”E  
RRB-5 Leeward 15.85 24.85 85% 
Central Myrmidon 
18°15’57.11 ”S; 
147°23’11.11”E  
MYR-3 Windward 24.1 28.2 81% 
Central Stanley 
19°17’49.20”S;  
148°4’33.60”E  
STN-1 Windward 15 23.21 55.5% 
Southern Heron  
23°26’53.00”S; 
152°55’5.30”E  
HRN Leeward 18.3 36.6 93% 
Southern One Tree 
23°30’27.48”S; 
152°5’29.68”E  
OTI-1 Windward 13.2 18.2 60% 
Southern One Tree OTI-5 Leeward 13.45 20 91% 
Southern One Tree OTI-6 Patch Reef 13.6 21.87 53.5% 
Southern Fitzroy 
23°37’11.64”S; 
152°9’18”43E  
FIT-2 Leeward 7.4 14.7 72% 
Southern Fitzroy FIT-3 Windward 10.2 13.4 98% 
Southern Fairfax 
23°51’29.79”S;  
152°22’31.12”E  
FFX-3 Windward 7.62 12.77 79.5% 
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Cores were re-logged using a combination of core samples, petrographic thin sections
and digital images. However, due to the previous extensive sub-sampling of the Heron
reef core, interpretations and re-analysis of coralgal assemblages and facies were based
on previously published descriptions (Richards and Hill, 1942, Davies, 1974). Taxo-
nomic identification of coral species is based on taxonomic guides (Veron, 1986, 2000,
Wallace et al., 2007, Humblet et al., 2015) and comparison with modern species. Coral
assemblages were defined on the basis of dominant coral type and comparisons with
modern depositional environments from One Tree Reef (OTR) and fossil depositional
environments from the GBR (Webster and Davies, 2003, Dechnik et al., 2015), as well
as the wider Indo-Pacific (Cabioch et al., 1999b, Montaggioni, 2005, Humblet et al.,
2009, Abbey et al., 2011). Corals were considered to be in growth position if they
satisfied one or more of the following criteria; 1) colonies were recovered in the correct
orientation (i.e. not up-side down); 2) geopetal surfaces were present showing orienta-
tion direction; 3) thick (few cm) crusts of coralline algae encrusted the upper surface
of the coral (Camoin et al., 1997, Cabioch et al., 1999b, Webster and Davies, 2003,
Camoin et al., 2007) and 4) they preserved an original basal contact with underlying
substrate (Webb et al., 2016). Sedimentary facies were defined and adapted using both
the coral assemblages established in this study and in the Integrated Ocean Drilling
Program (IODP) Volume 310 (Tahiti Sea level) proceedings (Camoin et al., 2007).
Fifty petrographic thin sections were used for taxonomic identification of coralline algae
and for microfacies examination. Point count analysis using two-hundred points per
thin section was used to quantify skeletal and non-skeletal micro-facies components
(Gischler et al., 2013). Microfacies samples were preferentially selected from the upper
surface of coral colonies, as this is where the thickest algal crusts tend to dominate
and finer sediments more easily accumulate. Statistical software package PRIMER
was used to test for significant sample groupings within the microfacies data set, using
correlation and cluster analysis on a log transformed (xi = (relative abundance + 1))
species x sample matrix, using a Bray-Curtis similarity Index (Faith et al., 1987). The
percentages of dominant coral and algal genera were calculated for Holocene and Pleis-
tocene reefs by dividing the total amount of in-situ reef framework occupied by each
genus within each core by the combined stratigraphic length of recovered Holocene
or Pleistocene material. However, branching Acropora may be under-represented in
the fossil record as its morphology is not as robust as other corals in core (i.e massive
species), potentially resulting in branching framework being broken and compressed.
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6.3.4 Core Chronology
Eight previously published U-series ages (Marshall and Davies, 1984, Braithwaite et al.,
2004) are included in the chronological data base (Table 2) along with thirty-nine new
mass spectrometry U-series ages. The previously published ages were calculated using
alpha counting techniques and thermal ionization mass spectrometry (TIMS) and were
not corrected for open-system behavior. Furthermore, scanning electron microscopy
(SEM), revealed significant amounts of low-Mg calcite within the skeletons of samples
corresponding to the previously published ages. Therefore, little confidence is placed on
the ages from these previously analysed samples. New coral samples in growth position
and free of obvious cements and detrital contamination were selected for analysis in this
study. They were cleaned in de-ionized water and vetted for diagenetic alteration prior
to dating using thin section petrography, polished and etched SEM analysis and X-Ray
Diffraction (XRD). For XRD samples between 2 and 3 grams were hand ground to a
powder in an agate mortar and pestle under ethanol. An internal standard (corundum
at 10 wt%) was added to the samples prior to micronizing in a McCrone mill using
ethanol as a grinding fluid. The internal standard was used to determine if there
was a significant non-diffracting content in the prepared samples and as an aid to
calibration of the XRD patterns if accurate cell parameters were required. The XRD
data spectra were collected on a Panalytical MPD X-Pert Pro in Bragg-Brentano
configuration using Ni beta filtered Cu K a radiation (1.541874 A) at 40keV, 40mA.
Corals with less than 5% calcite, no microbial micrite and minimal syntaxial aragonite
cement, microborings or dissolution (Nothdurft and Webb, 2009, Webb et al., 2009)
(Figure 2) were selected for U-series dating on a Nu Plasma multi-collector-inductively
coupled plasma-mass spectrometer (MC-ICP-MS) in the Radiogenic Isotope Facility
at the University of Queensland. Each sample was dated in triplicate to assess any
within-sample heterogeneity caused by subtle diagenetic alteration.
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Table 6.2: Summary of contextual information for new U-series ages in this study
and previously published ages.
Reef Sample Depth (mbsl) Genera Context* Source 
Fairfax FFX3-10D_1 12.07 Isopora IS This Study 
Fairfax FFX3-10D_2 12.07 Isopora IS This Study 
Fairfax FFX3-10D_3 12.07 Isopora IS This Study 
Fairfax FFX3-7C_1 8.05 Isopora IS This Study 
Fairfax FFX3-7C_2 8.05 Isopora IS This Study 
Fairfax FFX3-7C_3 8.05 Isopora IS This Study 
Fairfax FFX3-7D_1 8.3 Cyphastrea IS This Study 
Fairfax FFX3-7D_2 8.3 Cyphastrea IS This Study 
Fairfax FFX3-7D_3 8.3 Cyphastrea IS This Study 
Fairfax 79632955 8.5 Acropora NEI Marshall & Davies, 1983 
Fairfax 79632967 11.1 Acropora IS Marshall & Davies, 1983 
Fairfax FFX3-9E_1 11.2 Leptoria IS This Study 
Fairfax FFX3-9E_2 11.2 Leptoria IS This Study 
Fairfax FFX3-9E_3 11.2 Leptoria IS This Study 
Fitzroy FIT2-9H_3 8.25 Isopora IS This Study 
Fitzroy 79632734 8.7 Acropora NIS Marshall & Davies, 1983 
Fitzroy FIT2-10F_1 9.07 Acropora IS This Study 
Fitzroy FIT2-10F_2 9.07 Acropora IS This Study 
Fitzroy FIT2-10F_3 9.07 Acropora IS This Study 
Fitzroy FIT2-12G_1 11.68 Acropora IS This Study 
Fitzroy FIT2-12G_2 11.68 Acropora IS This Study 
Fitzroy FIT2-12G_3 11.68 Acropora IS This Study 
Fitzroy FIT2-9H_1 8.25 Isopora IS This Study 
Fitzroy FIT2-9H_2 8.25 Isopora IS This Study 
Fitzroy FIT-2-9H_3 9.25 Isopora IS This Study 
Fitzroy FIT3-16C_1 10.97 Platygyra IS This Study 
Fitzroy FIT3-16C_2 10.97 Platygyra IS This Study 
Fitzroy FIT3-16C_3 10.97 Platygyra IS This Study 
Fitzroy FIT3-17G_1 13.1 Isopora IS This Study 
Fitzroy FIT3-17G_2 13.1 Isopora IS This Study 
Fitzroy FIT3-17G_3 13.1 Isopora IS This Study 
Fitzroy 79632838 10.6 Acropora IS Marshall & Davies, 1983 
Fitzroy 79632865 11 Platygyra IS Marshall & Davies, 1983 
One Tree OTI5-11F_1 13.77 Acropora IS This Study 
One Tree OTI5-11F_2 13.77 Acropora IS This Study 
One Tree OTI5-11F_3 13.77 Acropora IS This Study 
One Tree 79632219 13.4 Acropora NIS Marshall & Davies, 1983 
One Tree 79636597 15 Acropora NEI Marshall & Davies, 1983 
One Tree OTI6-15C_1 18.78 Symphyllia IS This Study 
One Tree OTI6-15C_2 18.78 Symphyllia IS This Study 
One Tree OTI6-15C_3 18.78 Symphyllia IS This Study 
Stanley STN1-10D_1 15 Acropora NEI This Study 
Stanley STN1-10D_2 15 Acropora NEI This Study 
Stanley STN1-10D_3 15 Acropora NEI This Study 
Stanley STN1-11G_1 21 Isopora NIS This Study 
Stanley STN1-11G_2 21 Isopora NIS This Study 
Stanley STN1-11G_3 21 Isopora NIS This Study 
Ribbon Reef   16.1 Acropora IS Braithwaite et al, 2004 
*IS = In-situ 
NEI = Not enough information 
NIS = Not in-situ 
Subsamples of vetted corals were crushed into 1-2 mm chips and cleaned in 10% H2O2
for 24 hours followed by rinsing in milliQ water with sonication for 15 minutes before
three additional rinses in milliQ water. Individual chips that showed no signs of micritic
crusts or calcite cleavages were selected for dating. Samples (0.15 g) were spiked with
a 229Th-233U mixed tracer that was calibrated against the HU-1 standard by assuming
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D E F
minor dissolution
Bladed aragonite cement
Significant dissolution
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LB Forams
Sponge spicules
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Figure 6.2: SEM micrographs showing skeletal reef framework components, in-
cluding marine and meteoric cements, used to screen samples for U-Th dating A)
Near-pristine skeletal aragonite framework, B) Skeletal aragonite framework with
minor dissolution, C) Bladed marine aragonite cement infilling cavity, D) Signifi-
cant dissolution of skeletal framework, with thin rims of bladed aragonite cement
infilling cavities E) Blocky meteoric calcite cement and F) Detrital infilling of dia-
genetically altered skeletal framework.
it is in secular equilibrium and dated following a modified and simplified column sepa-
ration procedure and a fully-automatic MC-ICP-MS measurement protocol described
in detail in Zhou et al. (2011) and Clark et al. (2014a, 2014b). Ages were calculated
using Isoplot Program EX/3.0 of Ludwig (2003) using decay constants of Cheng et
al., (2013).
6.4 Results
6.4.1 U-series dating results
New U-series ages are presented in Tables 6.2 and 6.3 and Figure 6.3. Coral subsam-
ples were evaluated for 232Th and initial 234U/238U activity ratios (reported as δ234Ui in
permil) and also for anomalous 238U concentrations, which are signs of detrital Th con-
tamination or open-system diagenesis. One sample (STN1 10D) displayed consistently
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elevated 232Th consistent with detrital Th contamination, which is also reflected in low
230Th/232Th activity ratios. This sample was rejected and is not discussed further. 238U
concentrations can vary naturally within a coral, but we note that two sub-samples of
FFX3 7D ( 1 and 2) display two of the lowest 238U concentrations in the entire dataset
and are associated with elevated δ234U values, indicating a potential age bias for those
two subsamples. All other measurements display 232Th concentrations below 2 ppb
(with one exception at 2.8 ppb) and are not considered to bias the age interpretation
within reported uncertainty. We note that even the best-preserved samples display
some heterogeneity in U-Th geochemistry between the three subsamples for each coral
specimen. This indicates that the reported uncertainties on the ages may be unrealistic
and that the uncertainties are somewhat larger due to subtle variability in preservation.
Modern seawater in the open ocean has a δ234U value of ∼147 % (Andersen et al.,
2010) and corals should have the same δ234Ui value as the seawater in which they grew.
Elevated δ234Ui values (i.e., >5 % above modern seawater), which are indicative of al-
teration, are observed for all samples from Fitzroy and One Tree reefs whereas samples
from Fairfax and Stanley reefs appear to have the best preservation, including δ234Ui
values for more than one-half of those samples falling within 5 % of modern seawater.
Only two corals at the top of the reef sequence in the Fairfax core (FFX3 7C and 7D)
display elevated δ234Ui values, but the array of data within and between these samples
are roughly parallel to closed-system isochrons and not consistent with the alteration
pathway of the Thompson et al. (2003) open-system model (Figure 6.3). In contrast,
all of the samples from Fitzroy and One Tree reefs have elevated δ234Ui values, falling
between 160 and 242 %. Samples from these last two reefs display U-Th compositions
within and between coral heads that are more consistent with the geochemical ar-
ray predicted by alpha-recoil mechanisms of open-system diagenesis (Thompson et al.
2003) (Figure 6.3). Two corals from this population of open-system samples (FIT-2-
10F and FIT-2-12G) display the most extreme δ234Ui values (195-240 %) in the entire
dataset and plot off the scale of Figure 3. These samples are discarded as outliers that
have undergone extreme alteration.
An inverse variance-weighted mean was used to calculate an interpreted age for each
coral based on individual sub-samples (3 per coral) (Table 6.3). Four of the dated corals
from Fairfax and Stanley reefs (FFX3 10D, FFX3 9E, FFX3 7D and STN1 11G) re-
turned closed-system ages of 128.7 ± 0.7, 127.6 ± 0.5, 126.1 ± 0.8 and 128.2 ±
Chapter 6. LIG Reef evolution in the GBR 208
0.6 ka respectively. However, available stratigraphic information is inadequate to con-
fidently interpret STN1 11G as being in-situ; therefore, it is not considered part of a
reliable age/depth pair. FFX3 9E displays a slightly higher percentage of calcite (6.4
%) (Table 6.3). However, given the near-pristine aragonite composition observed in
SEM analysis and high level preservation of δ234Ui values of all individual sub-samples,
we exspect that the dated sub-sample avoided major calcite alteration and still con-
sider this to be a relatively robust closed-system age. The two highest corals dated in
the core from Fairfax Reef (FFX3 7C and FFX3 7D) are partially altered and do not
follow the diagenetic pattern of the Thompson open-system model (Thompson et al.,
2003). A single subsample of FFX3 7D has no evidence of alteration and yields an
age of 126.1 ± 0.6 ka, which we tentatively assign as the interpreted age of the coral.
FFX3 7C is listed with open-system age interpretation in Table 3, but the U-Th geo-
chemistry of the subsamples display an array that falls upon a closed system isochron,
so the open-system model age is probably not accurate. Another means of modeling
the age of this sample is with a linear regression through the three subsamples of
FFX3 7C, which intersects the seawater evolution curves at 128.8 ka (Fig. 6.3). This
age is indistinguishable from the closed-system age of 128.7 ± 0.7 ka derived from
the inverse variance-weighted mean of the three subsamples. However, this age must
be too old given the closed-system ages of the in-situ corals that are stratigraphically
lower. Hence, we cannot effectively model the age of this sample, but its age probably
lies somewhere between the closed-system and open-system model age of the sample
(∼129 and 121 ka).
All samples from Fitzroy and One Tree reefs display elevated δ234Ui values and were
corrected for open-system digenesis using the Thompson open-system model (Thomp-
son et al., 2003). To avoid artificial age offsets between open- and closed-system ages
that result from assumptions regarding the composition of seawater (Thompson et al.,
2011; Dutton, 2015), the open-system model was run using an assumed LIG seawater
composition of 150 %, identical to the mean composition of the closed-system corals
from Fairfax and Stanley. These open-system corals yielded interpreted ages ranging
from 126.3 ± 0.7 to 120.9 ± 0.6 ka.
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Figure 6.3: Evolution diagram showing activity ratios with 2σ errors for individual
U-Th measurements of subsamples from corals analysed in this study. Corals should
plot on the evolution curves of seawater. Modern seawater is 147% and the other
seawater evolution curves are shown for reference (150% and 152%). Open-system
isochrons for an initial seawater composition of 147% predicted by the Thompson
et al. (2003) model are shown as well as the closed system isochrons.
6.4.2 Fossil coralline algal assemblages and palaeoenvironmen-
tal interpretation
Two distinct fossil algal assemblages (Table 6.4, Figure 6.4) were established based on
dominant algal taxonomy and their palaeoenvironments, determined by comparisons
with their modern counterparts from OTR (Figure 6.5, see Supplemental data for de-
tails) and the wider Indo-Pacific (Adey et al., 1982, Adey, 1986, Litter and Litter,
2003).
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Table 6.4: Summary of the key components and palaeoenvironmental interpreta-
tion of the main fossil coralgal assemblages observed in the six reefs.
Coralgal Assemblage Key Components Palaeoenvironmental Interpretation 
Algal Assemblage 1  
(aA1-Porolithon) 
Thick crusts of Porolithon 
onkodes. With secondary P. 
gardineri, and Hyrolithon munitum, 
and minor Lithophyllum sp, 
Neogoniolithon sp and 
Pneophyllum sp 
Shallow water (<10 m), high energy 
environments, characteristic of upper reef 
slopes and outer reef flats 
 
   
Algal Assemblage 2  
(aA2-Lithophyllum) 
Lithophyllum sp with associated 
Mesophyllum sp Peyssonnelia 
and minor Porolithon sp 
 
Deep tropical or shallow to deep 
temperate environments (6-30 m) 
Coral Assemblage A  
(cAA-Acropora/Isopora) 
Corymbose and robust branching 
Acropora and Isopora sp (A. gr 7; 
A. gr. 21; A. gr. 25; A. gr. 26; I. 
palifera) with associated 
branching Pocilliopora and 
Stylophora sp. 
 
0-10 m (< 6 m with aA1 and vermetids), 
high energy, shallow water environments, 
characteristic of upper reef slopes and 
outer reef flats 
Coral Assemblage B 
(cAB-Isopora/Stylophora) 
 
Robust branching Isopora, 
Stylophora and coryombose A. gr. 
21 with associated A. gr. 7 and 
Pocilliopora 
 
Shallow water (<3 m), high energy 
leeward reef flat margin 
Coral Assemblage C  
(cAC-Faviid/Montipora) 
Sub-massive Montipora and 
massive Faviid sp (e.g. Favites 
sp, Platygyra sp) with associated 
branching Porites sp 
 
Semi-exposed environment (0-30 m), 
characteristic of mid-upper reef slope or 
shallow back reef margin 
Coral Assemblage D  
(cAD-Millepora/Goniopora) 
Branching Millepora sp and 
massive, Goniopora sp with 
associated Caulastrea and 
Galaxea sp 
Low energy environments (0-30 m) 
similar to Assemblage B but with 
increased turbidity such as lagoons or 
inner reef flats 
 
Coral Assemblage E 
(cAE-Symphyllia/Lobophyllia/Favia) 
Massive Symphyllia, Lobophyllia 
and Favia sp with associated 
Alveopora, and Turbinaria sp. 
 
Deep (3-30 m), turbid lagoonal 
environment  
Coral Assemblage F  
(cAF-Acropora/Platygyra) 
Corymbose branching Acropora 
and massive Platygyra sp with 
associated massive Porites.  
0-10 m, high energy, shallow water 
environments, characteristic of upper reef 
slopes and outer reef flats 
 
Algal Assemblage 1 (aA1) (Porolithon assemblage) is dominated by thick crusts (2-4
cm) of P. onkodes with secondary Porolithon gardineri, and thinner crusts of Hy-
drolithon munitum, and Lithophyllum, Neogoniolothon and Pneophyllum species. The
modern alga distribution obtained in this study showed P. onkodes to occur in water
depths of 0-9 m and in 0-6 m as thick crusts (5-35 mm) associated with abundant
vermetid gastropods (Figure 6.5 and Supplemental Table 3 and 4). In the modern Pa-
cific, P. onkodes is characteristic of tropical, shallow water environments less than 10
m deep, such as upper reef slopes and outer reef flats (Adey et al., 1982, Adey, 1986,
Braga and Davies, 1993, Cabioch et al., 1999b, Litter and Litter, 2003, Cabioch, 2003).
In the southern GBR, Holocene assemblages dominated by Porolithon characterise very
shallow reef settings in palaeowater depths of less than 10 m (Dechnik et al., 2015).
Thus this assemblage likely formed in a high energy environment, shallower than 10 m.
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Figure 6.4: Photographs showing principle components of algal assemblages A)
Algal Assemblage 1 (Porolithon onkodes), B) Algal Assemblage 2 (Lithophyllum gr.
prototypum) C) Algal Assemblage 1 (1) encrusting associated shallow water reef
genera coryombose Acropora (2), D) Algal Assemblage 2 (1) encrusting associated
deep water Halimeda grainstone facies (2).
Algal Assemblage 2 (aA2) (Lithophyllum assemblage) is dominated by Lithophyllum
species (e.g., L. gr. pustulatum L. gr. prototypum, L. gr. acrocamptum, L. gr.
kotschyanum) with associated Peyssonnelia sp., Mesophyllum sp. and Porolithon sp.
Assemblages dominated by Lithophyllum with minor other corallinaceans are typical of
shallow-water temperate environments and have been associated with cooler or rela-
tively deeper water in the GBR (Webster and Davies, 2003, Braga and Aguirre, 2004)
and Tahiti (Cabioch et al., 1999b, Abbey et al., 2011). Species of L. gr. kotschyanum
and L. gr. prototypum are common to depths of 30 m (Cabioch et al., 1999, Littler
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and Littler, 2003), whereas other species in the assemblage have wider depth ranges.
Specifically at OTR, the modern species L. gr. kotschyanum has a wide depth distribu-
tion (0-21 m). L. gr. pustulatum and L. gr. prototypum are most common at depths
greater than 6 m and greater than 18 m, respectively, whilst Mesophyllum species
occur at depths greater than 15 m (Figure 5). Thus the dominance of Lithophyllum
species in conjunction with other scarce corallinaceans and Mesophyllum suggests that
this assemblage developed in cooler or deeper waters, greater than 6 m and up to at
least 30 m.
6.4.3 Fossil coral assemblages and palaeoenvironmental inter-
pretation
Twenty-five coral species were identified from twenty-one genera in cores across the
seven reefs (Table 6.5). Six coral assemblages (Table 6.4, Figure 6.6) were defined
based on dominant coral types, taxonomy and morphology. Palaeoenvironmental inter-
pretations of each coral assemblage were determined based on comparison with their
modern counterparts from this study (Figure 6.5, see Supplemental data for detail)
and associations with specific coralline algae assemblages and similar coral assemblages
from the wider GBR (Done, 1982, Veron, 1986) and Indo-Pacific (Montaggioni and
Faure, 1997, Cabioch et al., 1999b, Hongo and Kayanne, 2010b, Abbey et al., 2011).
Coral Assemblage A (cAA) is characterised by corymbose to robust branching Acropora
and encrusting Isopora sp. (e.g., I. palifera; Acropora gr. 7; A gr. 21, A gr. 25 , A gr.
26) with associated branching Pocillopora and scarce massive Porites and Cyphastrea
sp. Throughout the modern GBR similar Acropora/Isopora assemblages dominate the
upper reef slopes and outer reef flats where exposed to strong wave action, in water
depths of less than 10 m (Done, 1983, Veron, 1986). Specifically in this study, modern
species of corymbose to robust branching Acropora and encrusting Isopora dominated
the OTR windward reef slope from 0-6 m (Figure 5). Analogous assemblages of acrop-
orids and pocilloporids occur in deglacial communities from Tahiti, occupying the reef
crest and upper fore-reef zone in water depths of 0-6 m (Montaggioni and Faure, 1997,
Cabioch et al., 1999a) and less than 10 m (Abbey et al., 2011). In the north-west
Pacific corymbose Acropora sp. were identified on reef crests in water depths of 0-5
m (Sagawa et al., 2001) and 0-7 m (Hongo and Kayanne, 2010b, Hongo, 2012). In
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Figure 6.6: Photographs showing principle components of coral assemblages A)
Coral Assemblage A, (1) Isopora encrusted by thick crust of associated (2) algal
assemblage 1 (P.onkodes) , B) Coral Assemblage B, (1) Stylophora with (2) thick
crust of associated P.onkodes C) Coral Assemblage C, (1) Montipora encrusted
by (2) thick crust of associated P.onkodes, D) Coral Assemblage D, (1) Goniopora
encrusted by (2) thick crust of associated algal assemblage 2 (L. prototypum), (2) E)
Coral Assemblage E, Platygyra framestone and F) Coral assemblage F) Symphyllia
framestone.
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Table 6.5: Fossil coral and coralline algae taxa Identified from across the seven
reefs.
Corals Coralline Algae 
Family ACROPORIDAE Family MUSSIDAE Family CORALLINACEAE 
Acropora sp  Symphyllia sp Porolithon onkodes 
Acropora  gr. 7 (A.robusta) Symphyllia recta P. gardineri 
Acropora gr. 21 (A.humilis, A.gemmifera) Lobophyllia sp Aethesolithon sp 
Acropora gr. 34 (A.nasuta)   Hydrolithon reinboldii 
Acropora gr. 26 (A.aspera) Family OCULINIDAE H. munitum 
Acropora gr. 27 (A.latistella) Galaxea fascicularis Lithoporella sp 
Isopora palifera  Neogoniolithon fosliei 
Montipora sp Family POCILLOPORIDAE Pneophyllum conicum  
 Pocilliopora sp Spongites sp 
Family AGARIIDAE Pocilliopora damicornis  Lithophyllum sp  
Pavona sp Pocilliopora verrucosa L. gr. acrocamptum  
 Stylophora sp L. gr. pustulatum  
Family FAVIIDAE Stylophora pistillata L. gr.kotschyanum 
Caulastrea furcata  L. gr. prototypum 
Cyphastrea sp Family PORITIDAE  
Cyphastrea seralia? Goniopora sp Family HAPALIDIACEAE 
Echinopora sp Porites sp  Lithothamnion sp 
Favites sp Porites australiensis? Mesophyllum sp 
Favites abdita? Porites lutea? M. funafutiense 
Favites pentagona Alveopora verrilliana  
Leptoria sp  Other red algae 
Platygyra sinensis Family MILLEPORIDAE Peyssonnelia sp 
Platygyra lamellina Millepora exaesa  
Favia speciosa?   
Favia pallida Family DENDROPHYLLIIDAE  
Favia stelligera Turbinaria sp  
   
Family FUNGIIDAE   
Fungia sp   
 
the Indo-Pacific, thick algal crusts of P. onkodes covering robust branching Acrop-
ora/Isopora sp. were reported as having formed in very shallow depths of less than 6
m (Adey, 1986, Montaggioni and Camoin, 1993, Montaggioni et al., 1997, Cabioch
et al., 1999a) particularly when associated with vermetid gastropods (Laborel, 1986,
Cabioch et al., 1999b). Thus the palaeoenvironment of cAA is characteristic of outer
reef flats and upper reef slopes in high energy, shallow water, typically between 0-10
m and less than 6 m when associated with thick crusts of aA1 from this study and
abundant vermetid gastropods.
Coral Assemblage B (cAB) is dominated by robust branching Isopora, Stylophora and
corymbose branching Acropora gr. 21, with associated robust branching Acropora gr.
7 and Pocillopora. This assemblage is associated with a similar palaeoenvironmental
setting as cAA. However, the dominance of branching Isopora and Stylophora, par-
ticularly when identified from leeward margins, suggests growth in < 3 m, consistent
with the modern corals identified in the 0-3 m depth interval from the OTR leeward
margin (Figure 5 and Supplemental Table 2).
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Coral Assemblage C (cAC) is dominated by sub-massive Montipora and massive faviids
(e.g. Favites sp., Platygyra sp.) with associated branching Porites sp. Crame (1981)
identified similar coral assemblages in back-reef and lagoonal patch environments in
Late Pleistocene reefs off the Kenya coast. In the modern GBR, Montipora sp. domi-
nates on the mid-slope, in sheltered habitats typically in water depths of 8-25 m or on
the reef flats of back reef margins in relatively shallow water (less than 10 m) (Done,
1982, Done, 1983). Results from modern OTR show Montipora dominating on the
windward margin in 9-12 m water depth (Figure 5). In Polynesian reefs assemblages of
Montipora and branching Porites sp. were identified in fossil cores from Mururoa atoll
at depths of 15-30 m on mid- to upper reef slopes (Camoin et al., 2001) and less than
10 m on modern Tahitian reefs (Bouchon, 1985). Modern faviids generally do not con-
form to a single bathymetric zone but occur in a broad environmental zone of moderate
wave energy, such as the fore-reef or shallow leeward back reef (Done, 1983). This is
consistent with the modern-day occurrence of Platygyra and sub-massive Favites from
0-15 m on the OTR leeward margin (Figure 5). Therefore, assemblage cAC represents
a semi-exposed environment, in 0-30 m water depth, characteristic of mid-upper reef
slopes or shallow back reef margins. However, if associated with algal assemblage aA1,
it most likely occurred at the shallower (0-10 m) end of it range.
Coral Assemblage D (cAD) is characterised by branching Millepora and massive Go-
niopora with associated Caulastrea and Galaxea. This assemblage is associated with
a similar palaeoenvironmental setting as assemblage cAC. However, the presence of
Goniopora and Caulastrea suggests a more turbid setting protected from strong wave
action, common in lagoonal environments and inner reef flats (Done, 1982, 1983,
Veron, 1986, Veron, 2000).
Coral Assemblage E (cAE) is characterised by massive Symphyllia, Lobophyllia and
Favia with associated Alveopora and Turbinaria. Modern species of Symphyllia and
Lobophyllia are common in lagoon environments and upper reef slopes of protected
leeward reef margins (Veron, 2000). Our modern OTR results show Lobophyllia dom-
inates the modern upper-mid slope (3-15 m) of the leeward margin (Figure 5). In
the Ryukyu Islands fossil assemblages dominated by Symphyllia are common on low
energy reefs in water depth of 7-20 m (Hongo and Kayanne, 2010b, 2010a), whereas
assemblages dominated by Turbinaria were common on protected middle to lower reef
slopes (Humblet et al., 2009). Modern Alveopora typically occurs in deep water or
shallow turbid water protected from strong wave action (Veron, 2000). Therefore, cAE
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represents a protected turbid environment, characteristic of a mid-lower reef slope (3-
30 m) or shallow back-reef lagoon (3-10 m) if associated with aA1.
Coral Assemblage F (cAF) is characterised by branching Acropora and Platygyra with
associated massive Porites. This assemblage occurs in a similar palaeoenvironmental
setting as cAA (0-10 m or < 6 m when associated with aA1 and abundant vermetid
gastropods). However, the presence of massive Platygyra and Porites suggest a more
protected back reef environment (Veron, 2000).
6.4.4 Microfacies analysis
Seven microfacies (Supplemental Figure 4) (caliche, algal bindstone, coralgal frame-
stone, packstone/grainstone, wackstone/packstone, Halimeda packstone/grainstone)
were defined using cluster analysis of the point count data (Supplemental Table 5), but
qualitative descriptions of the different cements were excluded from statistical analysis
(Supplemental Figure 5). Cluster analysis differentiates two algal bindstone microfa-
cies, on the basis of slightly different skeletal and matrix abundance. However, they
are grouped here under the algal bindstone microfacies.
6.4.5 Stratigraphy, lithology and palaeoenvironmental inter-
pretation
Spatial and temporal variations of the coralgal assemblages, lithology, microfacies and
associated biota were determined for each core, from which a palaeoenvironmental
interpretation was made. The coral morphology, composition and where available, U-
series dates reveal a complex evolutionary history, the details of which are summarised
in Figures 7 and 8.
6.4.5.1 Northern GBR
Ribbon Reef Five: RBR 5 (24.9 - 15.9 m)
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Figure 6.8: A) Three phases of reef evolution identified in this study. B) U-
series age elevation data for coral samples dated in this study, with dates plotted as
inverse variance-weighted means of replicate measurements for each coral with 2σ
errors. Blue bar represents timing of proposed near-reef drowning event (reef growth
stage 2). Accretion rates shown where applicable. C) Rates of relative sea level
change (purple line) and proposed MWP-2B, with 95% confidence limits (magenta
shaded envelope) adapted from Marino et al (2015). δ18O benthic foraminifera
data (pink line) obtained from sediment cores adjacent to the GBR and used to
interpret warmer SST anomalies during the LIG at site RC12-113 (Cortese et al.,
2013).
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A distinct unit boundary identified in RBR 5 at 24.9 m, below pmsl, represents the
antecedent surface of the pre-LIG reef, presumed to be MIS-7 in age (Webster and
Davies, 2003, Braithwaite and Montaggioni, 2009). Immediately above this boundary
from 24.8 m to 24.1 m, shallow-water coralgal assemblages (cAA and aA1) dominate
the base of the core, suggesting deposition in a shallow (0-6 m), high energy envi-
ronment. Coralline algae suggest a clear change at 24.1 m from aA1 to aA2, with
deep, turbid water associated coral cAC and cAD found between 21.2 m and 20.2 m.
This transition from shallow to deep coralgal assemblages coincides with an increase
in Halimeda-rich grainstone, similar in character to Holocene deposits found behind
the northern Ribbon reefs of the modern GBR below 20 m depth (Orme et al., 1978,
Marshall and Davies, 1988). These results are in good agreement with Braga and
Aguirre (2004) and Webster and Davies (2003) who identified a deepening sequence
in this core between 21-24 m, suggesting that deposition occurred in a deeper (0-30 m)
or more turbid back reef environment. At 20.2 m the reef transitions back to shallow-
water cAA and aA1, with abundant vermetid gastropods, suggesting deposition in <6
m palaeowater depth. At approximately 18 m the dominance of cAB indicates growth
in even shallower water (< 3 m palaeowater depth), suggesting the reef was at or
close to sea level. Soil horizons previously identified by Webster and Davies, (2003)
and Braithwaite et al.. (2004, 2009) occur in the upper 1.5 m of the Pleistocene
section, directly underlying the Holocene reef, at 15.9 m. One age (125.7 ka ± 0.6)
was measured at 16.1 m by Braithwaite et al., (2004), however initial 234U/238U ratios
higher than that of sea-water were reported, suggesting addition of 243U. Regardless,
the age is consistent with the interpretation that this reef growth occurred during the
LIG.
6.4.5.2 Central GBR
Myrmidon Reef: MYR 3 (28.2 - 24.1 m)
From the base of the core (28.3 m) to the Holocene/Pleistocene boundary, previ-
ously identified by Marshall (1985) at 24.1 m, this entire reef section is composed
primarily of coral rudstone. Although the core is primarily detrital in composition and
lacks chronology, the dominance of shallow water cAA and aA1 suggests growth in
shallow water, less than 6 m. A distinct soil horizon occurs at 25.3-25.5 m, where ter-
restrial soils may have penetrated deeper into the porous Pleistocene reef framework,
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which includes marine microbialite in the upper 1.5 m of this sequence.
Stanley Reef: STN 1 (23.2 - 15 m)
The dominance of grainstone facies, lack of any coral growth and presence of deeper
water coralline algae aA2 at 23.2-21.2 m, suggests initial deposition in a deep (10-30
m) and/or turbid environment. A distinct change in facies occurs at 21.2 m, where
a packstone/wackstone lithology dominates up to the Holocene/Pleistocene boundary
at 15 m. The few corals present do not represent in-situ growth, but their composition
(cAA) suggests that they were derived from shallow-water environments (0-10 m).
One closed system age (128.2 ± 0.6 ka) occurs at 15.1 m. However, the sample may
not be in-situ. Thus, while it is consistent with a LIG in age, the depth context of
these ages remains unclear.
6.4.5.3 Southern GBR
One Tree Reef: OTI 1 (18.2 - 13.2 m)
Palaeoenvironmental interpretation of this core is limited owing to poor recovery and
lack of in-situ reef framework. Nevertheless, the dominance of both shallow water
coral and algal assemblages (cAA and aA1) suggests deposition in 0-6 m palaeowater
depth, most likely in a high energy setting.
OTI 6 (21.9 - 13.6 m)
The presence of deeper water, detrital coralgal assemblages (cAD and aA2) and abun-
dant Halimeda throughout the base of this core (19-21.9 m), suggests growth in a
deeper and more turbid environment (0-30 m). However, the transition to true reef
framework at 21.9 m suggests deposition in shallower water (0-20 m). Whilst core
recovery is limited between 18.5 and 14.7 m, shallow-water coralgal assemblages (cAA
and aA1) with associated vermetid gastropods, occur from 14.7 m to the Holocene/-
Pleistocene boundary, identified by Dechnik et al. (2015) at 13.6 m, suggesting depo-
sition in a shallow (0-6 m), high energy environment. A new open-system model age
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of 126.3 ka ± 0.7 is interpreted at 18.8 m.
OTI 5 (20 - 13.5 m)
The presence of shallow water associated algae (aA1) throughout the core suggests
deposition in 0-10 m. However, the upward transition from deeper (cAC) to shallower
water coral assemblages (cAA) with associated vermetid gastropods, suggests a shal-
lowing upwards sequence where palaeowater depths were reduced from 0-10 m to 0-6
m at 18.0 m. A new open-system model age of 120.9 ± 0.6 ka was interpreted from
a coral sample at 13.8-13.9 m.
Heron Reef: HRN (36.6 - 18.3 m)
The base of the presumed LIG reef was identified by Davies (1974) at 36.6 m. The shal-
low, turbid water associated corals (cAF) dominate the base of the LIG core, from 36.6
m to 24.4 m suggesting deposition in a shallow-water (0-10 m), lagoonal environment,
consistent with its location on the inner, leeward reef margin. Coral assemblage data
suggest a clear change at 24.4 m from cAF to cAE (i.e. from Acropora/Platygyra to
Symphyllia/Lobophyllia), with less abundant coral framework and increased coralline
algae. This transition in coral assemblage coincides with the appearance of Halimeda,
which together suggests that deposition occurred in a deeper (3-30 m), more turbid
back reef environment. At 21.4 m cAE corals become increasingly abundant, consis-
tent with a slightly shallower environment (0-20 m).
Fitzroy Reef: FIT 2 (14.7 - 7.4 m)
A distinct solution unconformity marks the Holocene - Pleistocene boundary at 7.4
m, indicating sub-aerial exposure (Dechnik et al., 2015). Shallow water corals (cAA
and cAB), thick shallow water coralline algal crusts (aA1) and vermetid gastropods
are common throughout the core. The interval from 14.7 to 10.4 m was deposited
in a well developed, shallow (0-6 m) reef environment, with the transition from cAA
to cAB at 10.4 m suggesting even shallower deposition (< 3 m), at or near sea level.
A new open-system model age was dated from this shallow unit (123.6 ± 0.8 at 8.3 m).
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FIT 3 (13.4 - 10.2 m)
Coral (cAA) and algal assemblages (aA1) dominate at both the base of the core
(13.4-11.2 m) and immediately below the solution unconformity (10.2-10.6 m), indi-
cating deposition in shallow (0-6 m), high energy conditions. Coral Assemblage cAC
occurs from 10.6 to 11.2 m, indicating deposition in 0-30 m depth, but no other
palaeowater depth indicators suggest growth in a deeper environment. Hence, being
bounded above and below by shallow water (0-6 m), high energy assemblages (cAA
and aA1) with almost 100% recovery (Figure 7), it more likely formed in the same
shallow water setting as cAA, but possibly in a more protected setting. Extensive
caliche, with evidence of rhyzocretions and septal alveolar structure, dominate in the
top 1 m (10.2-11.2 m) below the Holocene boundary, suggesting prolonged sub-aerial
exposure and colonisation by terrestrial flora in an arid to semi-arid/seasonal setting
(Supplemental Figure 4a). Two new coral dates from this core returned open-system
model ages of 123.0 ± 0.7 and 124.6 ± 0.6 ka at 11 m and 13.1 m, respectively.
FFX 3 (12.8 - 7.6 m)
On the basis of previously published U-series and seismic data (Marshall and Davies,
1984) and a major lithologic change (Dechnik et al., 2015) the Holocene/Pleistocene
boundary is defined at 7.6 m. We identified a second thin soil horizon at 8.7-8.8 m,
which is interpreted as part of the same Holocene/Pleistocene unconformity, where
terrestrial soils and caliche may have penetrated into the porous reef framework. Al-
ternatively, it could represent a small scale (< 2-3 m) sea level oscillation, producing
a second unconformity. However, evidence for a similar oscillation was not observed in
other cores at similar depths (i.e FIT 2) to support this interpretation. Shallow-water
cAA and aA1 dominate the entire LIG interval, with abundant vermetid gastropods
present throughout. Halimeda fragments are present between 8.7-10.7 m. This high
percentage of reef framework, in combination with the shallow water biota, indicates
that the entire LIG interval was deposited in 0-6 m water depth. This core has the
best-constrained chronology of all the sampled reefs, including three closed system
model ages (128.7 ka ± 0.7 at 12.01 m, 127.6 ka ± 0.5 ka at 11.2 m and 126.1 ±
0.6 at 8.3 m).
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6.5 Discussion
6.5.1 Age constraints on LIG reef growth in the GBR
The closed-system, ages from in-situ corals identified in this study (128.7 ± 0.7, 127.6
± 0.5 ka and 126.1 ± 0.8 ka in FFX 3) provide the first reliable LIG ages for the entire
GBR. The facies and assemblage data confirm that they were deposited in shallow
water, high-energy environments, at or near sea level, during the LIG. Combined with
the new open-system model ages, we are now able to more accurately constrain sig-
nificant LIG reef growth in the southern GBR to ∼129-121 ka (Figure 8). These ages
are consistent with the suggestion of Marshall and Davies (1984) that the antecedent
platforms of Holocene reefs are LIG in age, despite the wide variability in the older
alpha-counting age data (107-172 ka). Although the timing of when the LIG reef first
’turned-on’ remains unknown due to poor recovery at the base of many of the cores
and absence of a clear unconformity in most, these results clearly demonstrate that
significant reef growth occurred on the platform reefs for at least 8 ka during the LIG.
Hence, reefs in the southern GBR did not drown during the peak LIG high stand as
was suggested to have occurred in the central GBR by Harper et al., (2015).
New dates documented in this study are broadly consistent with other intervals of
significant LIG reef growth in the Indo-Pacific and Caribbean, including: Western Aus-
tralia (Stirling et al., 1998, Dutton and Lambeck, 2012), the Seychelles (Dutton et
al., 2015b), Belize (Gischler et al., 2000), Barbados (Speed and Cheng, 2004) and Ba-
hamas (Chen et al., 1991). Differences in the precise timing and duration of LIG reef
growth at these locations (ranging from 135 ka to 114 ka) are related to differences
in the timing of relative sea level changes that result from glacial-isostatic adjustment
(GIA), tectonic movement (Dutton and Lambeck, 2012, Dutton et al., 2015a) and
also the effects of variably preserved corals on dating. However, the timing of prolific
reef growth is remarkably similar to that reported in Western Australia (∼129-122
ka), where only limited reef growth occurred during the final phase of the sea level
highstand (∼122-116 ka) (Dutton and Lambeck, 2012).
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6.5.2 GBR growth during the LIG
Well-constrained LIG chronologies are restricted to the southern reefs of the Capricorn
-Bunker groups (One Tree, Fitzroy and Fairfax) (Figure 8). However, broadly consis-
tent vertical successions of coralgal assemblages and sedimentary facies occur across
the seven reefs, revealing three distinct phases of reef growth during the LIG across
the GBR (Figure 9).
6.5.2.1 Reef Growth Phase 1; Reef ’turn-on’ (>129 ka)
Only RBR 5 and HRN penetrate the previous antecedent surface, presumed to repre-
sent MIS 7 (Webster, 1999, Braithwaite et al., 2004, 2009), with both reefs showing
a general pattern of deepening in reef sequences, after initial colonisation (Figure 7).
Using new palaeoenvironmental interpretations from this study and our reinterpreta-
tion of the HRN core (Richards and Hill, 1942), initial growth at both RBR 5 and HRN
occurred in relatively shallow, <10 m palaeowater depth consistent with initial flooding
of the antecedent topography (Figure 6). Packstone facies and more turbidity-tolerant
corals (Symphyllia, Lobophyllia and Favia) at HRN suggest growth in a more lagoonal
environment, consistent with its location on the lee near the position of the current
sand cay.
6.5.2.2 Reef Growth Phase 2; Near Drowning (∼129 ka)
A deepening upwards sequence at approximately 24 m occurs in both RBR 5 and HRN,
consistent with the deeper coralgal assemblages identified at STN 1 and OTI 6 at the
same depth interval. From 24 to 21 m a lack of significant reef framework and the
presence of abundant Halimeda characterises these reefs. This lack of coral framework
and dominance of Lithophyllum algae at RBR 5, STN 1 and OTI 6, is consistent with
a near drowning event between 24 and 21 m (Figure 7), with palaeoenvironmental con-
ditions fluctuating near the tolerance limits of these deeper, more turbid water corals.
Although we cannot constrain the precise timing of this potential near drowning event,
we note that the final transition from deep to shallow reefs was already established by
128.7 ± 0.7 ka at FFX 3. Therefore, this near drowning event must have occurred no
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later than ∼129 ka. Sea level rise during the final 70-80 m of the penultimate deglacia-
tion occurred very rapidly (Esat et al., 1999, McCulloch and Esat, 2000, Kopp et al.,
2009) with new evidence from the Red Sea suggesting a melt-water pulse (MWP-2B
at 133-130 ± 2 ka) 2-3 times larger than MWP-1A during the last deglaciation (Grant
et al., 2012, 2014, Marino et al., 2015). Furthermore, those authors suggested that
sea level rose at a rate of 28 ± 8 m/ky during MWP-2B (Grant et al., 2014, Marino
et al., 2015), far exceeding the fastest rates of Holocene reef accretion calculated for
these reefs (Dechnik et al., 2015). Additionally, few framework dominated reefs in
the wider Indo-Pacific ever achieve such high rates of reef accretion, with modal rates
of 6-7 m/ka (Montaggioni, 2005, Bard et al., 2010). Therefore, HRN and RBR 5
reefs may have initiated during this final pulse in sea level rise during the penultimate
deglaciation, >129 ka. Reef colonisation initially occurred in shallow water as the plat-
form was first flooded, but rapid sea-level rise then forced the reef into a deepening
and subsequently, near-drowning, reef growth response (Davies et al., 1985), reflected
in the deepening sequence of coralgal assemblages observed at both reefs (Figures 7
and 8).
LIG reef sequences in Western Australia reveal no strong drowning or near-drowning
signatures (Stirling et al., 1998, Dutton and Lambeck, 2012), although most of the
sampling was done at the surface and not with vertical drill cores needed to capture
such a transition. However, limited cores recovered from the outer (most sea-ward)
Exmouth marina transect in Western Australia (Twiggs and Collins, 2010) consist
of deeper, domal coral assemblages from approximately -10 m to -7 m with no LIG
reef growth interpreted above these depths. Transition into shallower water from ap-
proximately -4 m to +3 m above PMSL on the inner cores from this same transect
was attributed to decreased accommodation and increased progradation (Collins et
al., 2003, Twiggs and Collins, 2010). However, no significant reef framework oc-
curs between -7.5 m and -4 m, suggesting reef growth was not continuous during
this interval and that a similar near-drowning event may have occurred in this region.
Hence, both the southern GBR and northern regions of Western Australia may have
undergone a similar process of initial colonisation followed by deepening in response to
rapid sea-level rise and then shallowing. The rapidity of that sea-level rise may have
been associated with a near drowning event where the reef community struggled to
catch-up to sea level. Drowning and/or back stepping sequences have been observed
in Pleistocene reefs from Tahiti (Thomas, 2009), Hawaii (Webster et al., 2009) and
the Huon Peninsula (Esat et al., 1999), dated earlier in the penultimate deglaciation.
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However, those events occurred prior to 130 ka at much deeper depths (70 to 90 m)
relative to the platform reefs in this study and Tahiti and Hawaii were also influenced
by more rapid subsidence (0.39 - 6 m/ka) than the GBR.
Regardless, it is plausible that rapid sea level rise alone, near the end of the penulti-
mate deglaciation would have been sufficient to cause a near drowning event across
the GBR. Other environmental factors such as increased SST, turbidity or decreased
salinity also can lead to reduced accretion rates, which in conjunction with rapid sea
level rise may result in reef drowning (Schlager, 1981, Hallock and Schlager, 1986).
Increased SST can be particularly detrimental to reef growth if the thermal tolerance
levels of corals and their photosynthetic symbionts (zooxanthellae) is exceeded, result-
ing in coral bleaching and reduced calcification (Hoegh-Guldberg, 1999). Controversy
continues as to whether tropical SSTs in the south-west Pacific were indeed warmer
during the LIG (Lawrence and Herbert, 2005, McKay et al., 2011), but evidence of
warmer waters in some areas is supported by the pole-ward extension of reefs globally
during the LIG (Kiessling et al., 2012, Pandolfi and Kiessling, 2014). In the GBR,
fringing reefs likely extended 600 km farther south than at present (Pickett et al.,
1989, Pickett, 1981). Therefore, even if SSTs were higher during the LIG, it seems
unlikely that they would have been responsible for turning off reef growth at ∼129-130
ka, as we would then expect a lack of reef accretion over the entire LIG highstand.
Sea-surface temperature estimates obtained from 17 marine sediment cores in the
south-west Pacific allowed Cortese et al., (2013) to conclude that an increase in SST
of ∼2 degrees along the north-east Australian coast at 132-120 ka would increase sub-
tropical flow in the western boundary currents, favoring a stronger and more intense
EAC and the observed southward extension of reefs (Pickett, 1981, Pickett et al.,
1989). In comparison, Felis et al. (2014) identified a decrease in SST of 4-6 degrees
in the Northern GBR and 6-8 degrees in the central GBR, during the Last Glacial
Maximum (∼19-23 ka), resulting from the northward expansion of cooler subtropi-
cal waters due to a weakening in the EAC, highlighting the sensitivity of the EAC to
fluctuations in SST. A warmer and stronger EAC has been associated with increased
upwelling and cyclonic eddy formation (e.g., the Capricorn eddy in the southern GBR),
which brings cooler and nutrient-enriched water to the upper surface layers (Weeks et
al., 2010, Suthers et al., 2011). Specifically, a faster flowing and more intense EAC is
predicted to raise the thermocline closer to the surface, delivering increased, relative to
today, deep, nutrient-rich water to the shelf, where upward mixing onto the platform
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reefs would be assisted by increased cold core eddies in the south (Steinberg, 2007),
and vortices generated by increased reversing tidal currents in the northern and central
GBR (Wolanski, 1994, Hopley et al., 2007). If such conditions existed during the early
LIG, this increase nutrient-rich, turbid water may have exacerbated reef decline further,
while creating more favorable conditions for Halimeda growth (Wolanski et al., 1988).
Significant early Holocene (∼11 ka) upwelling identified previously in the northern and
central regions of the GBR, where it was restricted to areas with shelf break upwelling
(Furnas and Mitchell, 1996) or tidal jetting (Wolanski et al., 1988), was considered
responsible for construction of large Halimeda bioherms behind reef platforms (to the
lee) on the outer and mid-shelf (Wolanski et al., 1988, Hopley et al., 2007). However,
only small accumulations of Halimeda have been identified in Holocene platform reefs
themselves (Hopley et al., 2007), suggesting a possible alternate mechanism for up-
welling during the LIG. A warmer and hence stronger and more intense EAC is thus a
plausible mechanism for generating greater upwelling events, producing large amounts
of Halimeda regionally on LIG reef platforms, from the northern to the southern GBR.
Taken together, the significant lack of in-situ reef framework, dominance of Halimeda
and Lithophyllum in reef sediments, suggest a near reef drowning event may have oc-
curred prior to ∼128 ka in response to rapid sea level rise and environmental stresses
from increased up-welled, nutrient-enriched water.
6.5.2.3 Reef Growth Phase 3a/b; Reef ’take-off’ (∼128-121 ka)
The last phase of LIG reef growth was dominated by in-situ reef framework, where
shallowing upward sequences suggest that reefs finally caught up with sea level. At
approximately 20 m there is a distinct change where coral assemblages cAC and cAD
are replaced by cAA and cAB at both Ribbon and One Tree reefs (Figure 7). Similarly,
the algal assemblages transition from deeper water aA2 to shallow water aA1. A single
age from the shallow water assemblage at OTI 6 constrains this transition to 126.3 ±
0.7 ka. The transitions from deep to shallow coralgal assemblages at RBR 5 ,OTI 5
and OTI 6 at about 21 m below PMSL are consistent with the dominance of shallow
reef assemblages identified at FIT 2, FIT 3 and FFX 3 between ∼8 and 15 m below
PMSL. Shallow water (0-6 m) conditions were established at stratigraphically higher
elevations (i.e., shallower depths) 12 m below PMSL by ∼128 ka at FFX 3 (Figure 7).
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Reef accretion rates could be calculated only for FFX3 and FIT2 during this final
stage of reef growth. However, the relatively slow rates of reef accretion (1.5 ± 0.8
m/ka, 1.3 ± 0.7 m/ka) identified in this study (Figure 8) are strikingly similar (0.1-1.7
m/ka) to those of late Holocene reef accretion rates previously established in cores
from the GBR (Marshall and Davies, 1985, Dechnik et al., 2015, Webb et al., 2016),
wider Indo-Pacific (Cabioch et al., 1995, Montaggioni and Faure, 1997, Camoin et
al., 1997) and Caribbean (Corts et al., 1994, Toscano and Lundberg, 1998). In the
Holocene, these slow rates of accretion are indicative of highstand intervals where
limited accommodation restricts reef margin growth to lateral progradation (Marshall
and Davies, 1982, Montaggioni, 2005, Hopley et al., 2007). There are relatively few
vertical accretion rates published for LIG reefs, but similar rates of reef accretion (0.26
m/ky) were observed in the Seychelles, one of the other few far-field LIG sites (Dutton
et al., 2015b). Moreover, the compositions of these LIG deposits were interpreted to
have grown in < 2 m palaeowater depth with similar coralgal assemblages to the reefs
in this study.
Palaeowater depth estimates for the LIG produced in this study suggest relative sea
level in the GBR was at least 6-12 m lower than peak relative sea level in Western
Australia, which is the datum used to develop the sea-level curve from Huon Peninsula
shown in Figure 8 (Lambeck and Chappell, 2001) (i.e. the entire LIG sequence in the
southern GBR occurs at a lower than expected elevation). Detailed palaeowater depth
data were not produced by Marshall and Davies (1984), but they suggested that LIG
reefs of the Capricorn and Bunker groups were capable of attaining growth to at least
PMSL. Hence, they postulated that subsequent subsidence and/or karstification was
responsible for this discrepancy in LIG reef age/elevation data. However, a detailed
re-examination for this discrepancy is beyond the scope of this study, and will be ad-
dressed in future work.
6.5.3 Comparisons with the overlying Holocene reefs
Comparisons between Holocene (Webster and Davies, 2003, Dechnik et al., 2015) and
LIG reef assemblages clearly demonstrate that both reef sequences experienced signifi-
cantly different palaeodepositional environments during their initial turn-on. However,
the compositional similarity in shallow water coralgal assemblages and slow accretion
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rates during their final stages of development suggest that reefs of both ages were capa-
ble of re-establishing similar shallow water communities following sea level stablisation.
Specifically, 24 coral species and 14 algal species occur in at least one core in reefs
of both interglacials, with the LIG reef having a slightly higher diversity of coral and
algal species than the Holocene (Table 6, Figure 10). Holocene reef cores studied
by Dechnik et al., (2015) have a significantly higher percentage of shallow, higher
energy coralgal species compared to the LIG (Figure 10). However, the dominant
genera making up the shallow coralgal species of Holocene and Pleistocene reef cores
are relatively similar, dominated by Acropora/Isopora sp. (Figure 10). As previously
discussed, the higher abundance of deeper and more turbid coralgal assemblages in
LIG reefs was most likely a response to a rapidly rising sea level near the end of the
penultimate deglaciation (Esat et al., 1999, McCulloch and Esat, 2000) combined
with greater upwelling as a result of a stronger and a more intense EAC (Suthers et
al., 2011, Cortese et al., 2013). While the Holocene reefs also experienced an initial
deeper/more turbid phase of growth following the transgression (Dechnik et al., 2015),
both the established rate of sea level rise (Esat et al., 1999) and predicted upwelling
(Cortese et al., 2013) were likely far greater during the establishment of the LIG reef.
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Table 6.6: Presence/absence of coral and algae species composition of Holocene
and Pleistocene reefs from the northern and southern GBR.
CORAL SPECIES HOLOCENE PLEISTOCENE    
Corymbose Acropora sp  X X Stylophora pistillata X X 
Acropora robusta  X Seriatopora sp  X 
Acropora humilis X X Stylocoeniella sp  X 
Acropora nasuta X X Goniopora sp X X 
Acropora aspera X X G.stutchburyi X  
Acropora latistella X X Porites sp  X X 
Isopora palifera X X Porites australiensis? X X 
Montipora sp X X Porites lutea? X X 
Pavona sp X X Alveopora verrilliana  X 
Leptoseris sp X  Millepora sp X X 
Cyphastrea sp X X Millepora exaesa  X 
Cyphastrea microphthalma X  Turbinaria sp  X 
Cyphastrea seralia? X X Hydrophora  microconos X  
Caulastrea furcata  X Tubipora musica  X  
Echinopora sp  X ALGALSPECIES HOLOCENE PLEISTOCENE 
Echinopora  lamellosa X  Porolithon onkodes X X 
Favites sp X X Porolithon gardineri X X 
Favites abdita?  X Aethesolithon sp X X 
Favites Pentagona  X Hydrolithon reinboldii X X 
Favites chinensis X  Hydrolithon munitum 
 
 X 
Favites halicora X  Lithoporella sp X X 
Favites flexuosa X  Neogoniolithon fosliei X X 
Leptoria sp X X Pneophyllum conicum X X 
Leptoria Phrygia X  Spongites sp X X 
Platygyra sinensis X X Lithophyllum sp X X 
Platygyra lamellina  X Lithophyllum gr. acrocamptum X X 
Favia speciosa?  X Lithophyllum gr. pustulatum X X 
Favia pallid X X Lithophyllum gr. kotschyanum X X 
Favia stelligera  X Lithophyllum gr.prototypum  X 
Favia matthaii  X  Lithophyllum cuneatum X  
Favia laxa  X  Lithothamnion sp X X 
Fungia sp X X Lithothamnion prolifer X  
Symphyllia sp X X Lithothamnion gr. muelleri X  
Symphyllia recta  X Mesophyllum sp  X 
Lobophyllia sp X X Mesophyllum funafutiense  X 
Galaxea fascicularis  X Sporolithon molle X  
Pocilliopora damicornis  X X Peyssonnelia sp  X 
Pocilliopora verrucosa X X    
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Figure 6.10: Stratigraphic framework abundance and palaeodepositional interpre-
tations of dominant coral and algal genera calculated from Holocene and Pleistocene
cores, from the northern and southern GBR. (see methods for details).
The high-resolution coralgal assemblage information developed in this study provides
the first detailed regional comparison of reef response, from the northern to the south-
ern GBR, over longer (>10 ka) geological timescales. Whilst the initial turn-on con-
ditions experienced by LIG reefs are not directly comparable to the current conditions
of the modern GBR, our results suggest that the GBR has been sensitive to climatic
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changes, broadly analogous to future predictions, including; warmer SST (1-2 degrees)
and significant sea level rise due to potential future ice sheet collapse. Hence, if rapid
sea-level rise, similar to that at the onset of the LIG were to occur in conjunction with
other environmental stresses that affect coral growth (e.g. warmer SST, increased tur-
bidity, ocean acidification, increased bleaching, excess nutrient runoff) the GBR could
experience a near drowning event similar to that experienced during the LIG.
6.6 Conclusions
Analysis of drill cores recovered from below the modern GBR provide the most com-
prehensive picture of the evolution of reef growth during the LIG yet. Based on our
analysis of newly defined sedimentary facies, coralgal assemblages and U-series age
data we draw the following main conclusions:
1. We provide the first mass spectrometry closed-system U-series ages (128.7± 0.7,
127.6 ± 0.5 ka and 126.1 ± 0.8 ka), confirming that the immediate antecedent
topography underlying the current GBR formed during the LIG. Furthermore,
combined with our modeled open system ages, they provide a new estimate for
the duration of significant LIG reef growth in the Southern GBR, from at least
∼129 to 121 ka.
2. Sedimentary facies, coralgal composition and age data indicate that the de-
velopment of LIG reefs is more complex than previously thought, with three
distinct growth phases defined : Phase 1 (>129 ka), a shallow-water coralgal
colonisation phase following initial flooding of existing, likely MIS-7, antecedent
platform; Phase 2 (∼129 ka), a near drowning event in response to rapid sea
level rise and greater nutrient-rich upwelling, and Phase 3a/b (∼128-121 ka),
re-establishment of significant coral-dominated reef framework through catch-up
growth, initially characterised by deeper more turbid coralgal assemblages that
transition to shallow-water reef biota, following sea level stabilisation.
3. Comparison of coralgal assemblages and sedimentary facies between Holocene
and LIG reef sequences suggests that the palaeoenvironments during the ini-
tial turn-on phases of the two interglacial intervals were significantly different.
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However, similar composition of ultimate shallow-water coralgal assemblages and
slow reef aggradation rates following stabilisation of sea level, suggest both the
LIG and Holocene reefs developed in a similar way as they approached mean sea
level.
4. Detailed investigation into the spatial and temporal coralgal assemblage compo-
sition of Holocene and LIG reefs suggest that a significant rise in sea level and
warming of SST could result in modern reefs responding in a manner similar to
the LIG Pleistocene reefs, including a possible near drowning event.
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6.9 Supplementary Information
6.9.1 Materials and methods
6.9.1.1 Modern reef community surveys
Quantitative surveys of the key coral reef biota (scleractinian corals, crustose coralline
algae (CCA), vermetid gastropods) inhabiting the shallow reef slopes on windward
and leeward slopes at One Tree Reef (OTR) were undertaken in November, 2014. We
photographed a total of 200 underwater 1 x 1 m quadrats down the reef slope (100
on the windward and leeward margins respectively). Transects 50 m long were laid
out at 3 m depth intervals parallel to the crest, from 0 to 15 m, with 20 quadrats
placed approximately every 2.5 m along each transect. Images were analyzed using
Coral point count with excel (CPCe) (Kohler and Gill, 2006), where 50 points were
randomly generated over a quadrat photo. Taxonomic identification of scleractinian
corals is based on taxonomic guides (Veron, 1986, Veron, 2000), however because
of the difficulty of producing accurate species-level determinations using photo tran-
sects, identification was often limited to genus and or group level, as defined by Veron,
(2000). Modern CCA samples, in some cases containing vermetid gastropods, were
randomly collected from these same sites (90 samples on the windward side and 90 on
the leeward) using a hammer and chisel from depths of 0-30 m. The thickness of each
algal crust (mm) was measured and the number of vermetids within each algal sample
were identified using a hand lens and given a rank out of 5 (1 = 0; 2 = 1-5; 3 = 5-10; 4
= 10-15; 5 = >15 vermetids). CCA samples were identified down to the lowest taxo-
nomic level using Scanning Electron Microscopy (SEM) and petrographic thin sections.
6.9.2 Statistical treatment of coral community data
We utilized two multivariate analytical approaches in PRIMER-6 to investigate any
depth-environment-species relationships in the modern coral compositional assemblage:
non-metrical multidimensional scaling (MDS); and Analysis of Similarities (ANOSIM).
Each analytical approach is performed on a log transformed (xi = (relative abundance
+ 1)) species x sample matrix using a Bray-Curtis similarity Index, as it is one of
the most robust coefficients for the analysis of taxonomic composition data (Faith et
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al., 1987, Clarke et al., 2006). MDS was used to graphically display the samples in
two dimensional plots. ANOSIM tested for difference in the assemblage composition
between predefined groups, in our case between the windward and leeward sites and
between the five depth intervals (3, 6, 9, 12 and 15 m) within each site.
ANOSIMs were also performed on the CCA data to; 1) determine any environment-
species relationships between windward and leeward sites in the modern CCA com-
positional assemblage, based on presence/absence data and 2) to determine any re-
lationship between depth and algal thickness/vermetid gastropod abundance. Cluster
analysis (Kulczynski (P/A)) followed by a similarity profile (Simprof) (Clarke et al.,
2006) was used to test for significant sample groupings (clusters) within the P/A data
set and provide a visual summary of the data.
6.9.3 Results
6.9.3.1 Modern zonation of coral reef biota at One Tree Reef
Thirty-one genera from fourteen families were identified from the windward and lee-
ward slopes of OTR (Table 1). The modern coral assemblage compositions between
windward and leeward sites are significantly different from each other (ANOSIM, R=
0.441, p < 0.001). The MDS analysis (Figure 1) corroborates these results, displaying
two clusters, with minimal overlap occurring between samples collected from the 3 m
and 6 m depth intervals, where Acropora gr. 21 dominates at both sites.
Within each site, all depth intervals (3, 6, 9, 12 and 15 m) have coral assemblages
that are significantly different from one another (Table 2) with the exception of 9 m
and 12 m on the windward side and the 12 m and 15 m on the leeward side. MDS
plots display similar results to the ANOSIM tests; however, several genera are present
in multiple depth intervals. Hence, only moderate separation is observed between the
varying depths (Figure 2). The top four most abundant genera within each depth
interval, at the windward and leeward locations, are shown in Table 3. At the wind-
ward site Acropora gr. 21, encrusting Isopora palifera and Pocillopora dominate the
upper-most shallow reef flat (3 m), whereas tabulate Acropora (gr. 19 and gr .18)
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Figure 6.11: Non-metric multidimensional scaling (MDS) ordination of windward
vs leeward coral genera composition at One Tree Reef.
dominates from 6-15 m and massive Porites and encrusting Montipora are most abun-
dant between 12-15 m. Some similarities occur at the leeward site. Here Acropora
gr. 21 and Stylophora dominate from 0-6 m, whereas columnar Isopora palifera is only
abundant at 3 m. Lobophyllia is abundant between 6-15 m, massive Porites dominates
between 12-15 m and tabulate Acropora gr. 19 is abundant only at 15 m (Table 3).
6.9.3.2 Modern CCA zonation, thickness and vermetid gastropod distribu-
tion
Ten genera were identified from the windward and leeward slopes of OTR (Table 1).
The modern CCA assemblage compositions between windward and leeward sites were
not significantly different from one another (ANOSIM, R= 0.019, p = 0.375). When
analyzing the full data set (windward and leeward combined) both vermetid gastropod
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Figure 6.12: Non-metric multidimensional scaling (MDS) ordination of coral
genera composition vs depth, within each site, at One Tree Reef.
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Table 6.7: Modern coral and coralline algae taxa Identified from the windward
and leeward slopes of OTR.
Corals Coralline Algae 
Family ACROPORIDAE Family Caryophyllidae Family CORALLINACEAE 
Acropora sp  Euphyllia sp Porolithon onkodes 
Acropora  gr 3,6-9,11,13-14,18-22,25-27   P. gardineri 
33-35,38  Family POCILLOPORIDAE Aethesolithon sp 
Isopora palifera (encrusting) Pocilliopora sp Neogoniolithon  gr. fosliei 
Isopora palifera (columnar) Stylophora sp Hydrolithon gr. breviclavium 
Isopora palifera (massive) Seriatopora sp H. gr. munitum 
Montipora sp (branching)  Pneophyllum conicum  
Montipora sp (massive) Family Dendrophyllidae Spongites sp 
Montipora sp (encrusting) Tubinaria sp S. gr. sulawesensis 
Montipora sp (laminar)  Lithophyllum sp  
Astreopora sp Family Oculinidae L. gr. acrocamptum  
 Galexea sp L. gr. insipidum 
Family AGARIIDAE  L. gr. kotschyanum 
Pavona sp Family PORITIDAE L .gr. prototypum 
 Goniopora sp L. gr. pustulatum 
Family FAVIIDAE Porites gr 1-6  
Cyphastrea sp Alveopora sp Family HAPALIDIACEAE 
Echinopora sp  Lithothamnion sp 
Favites sp Family FUNGIIDAE Mesophyllum sp 
Montastrea sp Fungia sp M. funafutiense 
Leptastrea sp  M gr. erubescens 
Leptoria sp Family MILLEPORIDAE  
Platygyra sp Millepora exaesa Other red algae 
Favia sp  Peyssonnelia sp 
Goniastrea sp Family DENDROPHYLLIIDAE  
 Turbinaria sp  
Family Pectiniidae   
Echinophyllia sp Family MUSSIDAE  
Mycedium sp Symphyllia sp  
 Lobophyllia sp  
Family Merulinidae   
Hydnophora   
 
abundance and CCA thickness were statistically different between 0-6 m and 6-30 m
(Tables 4 and 5). Specifically, abundant vermetid gastropods (categories 3-5) and
thick CCA (5-35 mm) dominated between 0-6 m, whist only scarce amounts of ver-
metids (categories 1 and 2) and thin coralline algae (< 5 mm) were found between 6-30
m. Eighteen CCA algal assemblages were defined by the cluster analysis, however, six
of these assemblages were based on individual samples containing rare taxa and thus
have been grouped as miscellaneous and excluded from further analysis (Figure 3).
Of the remaining twelve assemblages the dominant genera/species and depth range
of all samples within each cluster is shown in Figure 3. The shallowest CCA assem-
blages occur between 0-9 m, and include the P. onkodes assemblage (no. 6.) and
P. onkodes/Lithophyllum gr. kotschyanum assemblage (no. 5). The deeper assem-
blages are defined by the Mesophyllum/Lithoporella (no. 12, 15-18 m), Hydrolithon
gr. munitum (no. 10, 9-27 m), Lithophyllum gr. prototypum (no. 8, 18-27 m), Litho-
phyllum gr. pustulatum (no. 4, 6-21 m) and Pneophyllum conicum (no. 2, 12-27
m). The remaining clusters are found within a larger depth range and are therefore
considered indiscriminant depth assemblages (Figure 3). We note that Pneophyllum
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Table 6.8: ANOSIM results showing significant level of modern coral genera
assemblage vs depth
Site Depth Interval (m) R Statistic 
Significance 
level 
Possible 
Permutations 
Actual 
Permutations 
Number >= 
Observed 
Leeward 6, 3 0.368 0.001 Very Large 999 0 
 6, 9 0.265 0.001 Very Large 999 0 
 6, 12 0.209 0.001 Very Large 999 0 
 6, 15 0.308 0.001 Very Large 999 0 
 3, 9 0.767 0.001 Very Large 999 0 
 3, 12 0.592 0.001 Very Large 999 0 
 3, 15 0.543 0.001 Very Large 999 0 
 9, 12 0.186 0.001 Very Large 999 0 
 9, 15 0.412 0.001 Very Large 999 0 
 12, 15 0.149 0.014 Very Large 999 8 
Windward 3, 6 0.178 0.001 Very Large 999 0 
 3, 9 0.787 0.001 Very Large 999 0 
 3, 12 0.733 0.001 Very Large 999 0 
 3, 15 0.842 0.001 Very Large 999 0 
 6, 9 0.259 0.001 Very Large 999 0 
 6, 12 0.292 0.001 Very Large 999 0 
 6, 15 0.349 0.001 Very Large 999 0 
 9, 12 0.136 0.030 Very Large 999 16 
 9, 15 0.245 0.001 Very Large 999 0 
 12, 15 0.157 0.001 Very Large 999 0 
 
Table 6.9: The four most abundant modern coral genera within each depth
interval, at One Tree Reef. The total numbers counted are shown in brackets.
Location 3  m 6  m 9  m 12  m 15  m 
Windward Acropora  gr. 21 
(135) 
Acropora  gr. 19 
(205) 
Acropora  gr. 19 
(433) 
Acropora  gr. 19 
(228) 
Acropora  gr. 19 
(249) 
 Encrusting 
Isopora (111) 
Acropora  gr. 21 
(50) 
Acropora  gr. 18 
(71) 
Encrusting 
Montipora (65) 
Massive Porites 
(46) 
 Pocillopora (71) Acropora  gr. 7 
(48) 
Acropora  gr. 7 
(29) 
Acropora  gr. 18 
(61) 
Encrusting 
Montipora (21) 
 Acropora  gr. 7 
(46) 
Encrusting Isopora 
(46) 
Acropora  gr. 22 
(23) 
Acropora  gr. 22 
(40) 
Acropora  gr. 22 
(12) 
Leeward Acropora  gr. 21 
(124) 
Acropora  gr. 21 
(64) 
Branching Porites 
(58) 
Massive Porites 
(61) 
Massive Porites 
(61) 
 Stylophora (65) Lobophyllia (34) Lobophyllia (50) Seriatopora (59) Acropora  gr. 19 
(52) 
 Columnar 
Isopora (48) 
Stylophora (24) Seriatopora (45) Acropora  gr. 27 
(46) 
Seriatopora (37) 
 Pocillopora (46) Platygyra (23) Platygyra (32) Lobophyllia (41) Lobophyllia(33) 
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conicum is probably over represented in relation to fossil assemblages, as the corallines
of this species lose their conceptacles (they shed them after releasing the spores) so a
percentage of algae recognized as ’coaxial indeterminable thalli’ in fossil assemblages
could belong to this species as well as to Mesophyllum species.
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6.9.3.3 Micro-facies correlation and cluster analysis
The most common skeletal components in decreasing abundance are coralline algae,
coral, Halimeda, bivalve, foram (encrusting), foram (benthic) and vermetid gastropod.
The non-skeletal components include cements (marine and meteoric) and caliche. Algal
Bindstone and Halimeda Packstone/Grainstone were the dominant microfacies of the
LIG samples (Table 6).
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The seven microfacies identified include:
Caliche: This microfacies is identified by a distinct soil horizon characterized by dis-
solution surfaces and mouldic porosity, brownish staining, rhizocretions with septal
alveolar structure and mottled and clotted micrite textures that cut across original
marine textures. Rounded inclusions of dark, humate-like material occur, with skeletal
fragments composing approximately 33% of the volume, dominated by coralline algae
(Figure 4).
Coralgal Framestone: This microfacies is dominated by coral and algal fragments
comprising on average 53.4% and 20.4% respectively. Matrix components average
14.4 % with 11.6% cement (Figure 4).
Algal Bindstone: Approximately 52.6% of this microfacies consists of coralline algae.
Coral fragments are second most abundant, averaging 20.9%, with the proportions of
matrix and cements of 14.1% and 10.9%, respectively (Figure 4).
Packstone/Grainstone: Matrix in this microfacies averages 47.5% by volume. Coral
and algae are the most common skeletal components, with cement comprising 15.8%
of the volume (Figure 4).
Wackstone/Packstone: This microfacies has the highest matrix percent by volume
of all the facies, averaging 65.9%. Coral and algae are equally dominant reaching a
mean abundance of 10.2% and 10.3% respectively. The proportions of cement includ-
ing both marine and meteoric forms reach an average of 10.3% (Figure 4).
Halimeda Floatstone: Halimeda dominates this facies averaging 43.4%. Coral and
algae average 13.5% and 10.6% respectively while the matrix makes up 22.3% of the
volume. Cements are less abundant averaging only 2.4% (Figure 4).
Halimeda Packstone/Grainstone: This microfacies has a similar composition to Pack-
stone/Grainstone microfacies, with the addition of Halimeda and a slightly higher
percentage of coral (26.1%) and lower percentage of matrix (32.6%) (Figure 4).
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Figure 6.14: Photographs showing principle components of micro-facies, includ-
ing A) Caliche, B) Coral Framestone, C) Algal Bindstone, D) Packstone/Grainstone,
E) Wackstone/Packstone, F) Halimeda Floatstone and E) Halimeda Packstone/-
Grainstone.
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7.1 Abstract
Age-elevation data, in conjunction with newly defined coralgal assemblages, were re-
cently identified from seven mid-outer platform reefs, across the Great Barrier Reef
(GBR), confirming growth during the last Interglacial (LIG). Distinct shallowing upward
sequences were identified, however, the elevations of these shallow water assemblages,
peaking at ∼7.4 m below present mean sea level (pmsl), are significantly deeper than
other far-field coral reefs (e.g., Western Australia and the Seychelles) that flourished
during the peak of the LIG period. In the context of newly derived glacial isostatic
adjustment (GIA) corrected relative sea level curves generated in this study, a 9-19 m
offset is observed between the measured and interpreted palaeowater depth estimates
based on the previously established assemblage and facies information, with modeled
peak relative sea level interpreted at 6-11 m above pmsl. Several possible scenarios
were explored in order to explain this striking difference. Approximately 1 m of erosion
is attributed to karstification owing to the significant amounts of caliche found within
the cores, which suggests reduced rainfall and semi-arid conditions following exposure.
Hence the more parsimonious conclusion is that the surface of the GBR has subsided
at a rate of 0.065 to 0.15 m/ky, which is in good agreement with rates derived from
studies on the long-term dynamic subsidence of Australia, which suggest the continent
has been subsiding in a northeast direction since the mid-Miocene. Hence, this study
not only provides greater constraints on the magnitude and duration of the LIG high-
stand, but also suggests that long-term dynamic topography play’s a substantial role
in driving the evolution of carbonate platform reefs on passive margins over shorter,
100-ky timescales.
7.2 Introduction
Understanding reef development on continental passive margins has been the focus
of many drilling investigations over the past few decades (Marshall and Davies, 1985,
1982, Collins et al., 1993, Braithwaite et al., 2000, Hopley et al., 2007). However,
few investigations, particularly on the Great Barrier Reef (GBR), have focused on the
evolution of Last Interglacial (LIG) platform reefs as they often occur at depths greater
than 20 m below the modern living reefs (Hopley, 1982a, 2007, Marshall and Davies,
1984). Marshall and Davies (1984) provided the first estimated age of the presumed
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LIG carbonate platform reefs beneath the modern GBR. However, only a few open sys-
tem ages were obtained using alpha-counting techniques, producing a large range in
ages from 107 to 172 thousand years ago (ka). Furthermore, these pioneering studies
provided few details on the specific sedimentary facies and coralgal assemblage varia-
tions within the presumed LIG reef deposits (Marshall and Davies, 1984). The most
comprehensive investigations on coralgal assemblage information came from Ribbon
Reef 5 in the northern GBR, where a transition from shallow to deep dominated assem-
blages was identified by Webster and Davies, (2003) and Braga and Aguirre, (2004)
at ∼ 21 m. One mass spectrometry age was also determined for this core (125.7 ±
0.6 ka), however, initial 234U/238U ratios suggested it was significantly diagenetically
altered (Braithwaite et al., 2004).
More recently, Dechnik et al., (2016), provided the first detailed regional comparison of
coralgal assemblages and facies information for pre-Holocene deposits across 10 cores
from the northern to the southern GBR. Using stringent pre-screening techniques, 39
new mass spectrometry U-Th ages were also reported, confirming reef growth during
the LIG (Dechnik et al., 2016). Combining these new assemblages, facies and dating
information, a three-phase developmental history of LIG platform reefs was established
for the GBR, including; Phase 1 (> 129 ka), a shallow water coralgal colonisation
phase following initial flooding of the existing antecedent platform; Phase 2 (∼129
ka), a near drowning event in response to rapid sea level rise and/or greater nutrient
rich upwelling, characterised by deeper Lithophyllum algae, lack of significant in-situ
framework growth and abundant Halimeda-rich grainstones; and Phase 3a/b (128-
120 ka), re-establishment of significant reef framework through catch-up reef growth,
initially characterised by deeper, more turbid coralgal assemblages that transition to
shallow water species following sea level stabilisation (Dechnik et al., 2016).
However, the elevations of shallow water assemblages identified at these mid-outer
platform reefs during the final phases of reef growth (Phase 3a/b) are significantly
deeper than other far-field LIG reef deposits (e.g. the Seychelles and Western Aus-
tralia) (Stirling et al., 1995, 1998, Dutton and Lambeck, 2012, O’Leary et al., 2013,
Dutton et al., 2015b). Peak Global Mean Sea Level (GMSL) is presumed to have been
approximately +6-9 m higher than present during the LIG (Lambeck and Chappell,
2001, Kopp et al., 2009, Dutton and Lambeck, 2012, Dutton et al., 2015a). In Aus-
tralia, evidence of high sea levels has been inferred from elevated LIG shorelines along
the Southern Australian coastline (e.g. +6 m Fleurieu Peninsular and +10 m Coorang
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coastal plain), with LIG fringing reef deposits identified (+ 3.5 to +9 m) between Cape
Range and Rottnest Island on the West Australian coast (Murray-Wallace and Belpe-
rio, 1991, Stirling et al., 1995, 1998, Dutton and Lambeck, 2012, O’Leary et al., 2013).
Despite these observations of higher LIG sea levels around other parts of Australia,
the highest reconstructed LIG sea level from cores in the GBR, even when accounting
for the palaeowater depth of the preserved facies, is estimated at 6 to 12 m below
present sea level (Dechnik et al., 2016). Whilst detailed palaeowater depth data from
cores were not previously analysed by Marshall and Davies (1984), they did note that
the reefs of the Capricorn Bunker Group should have been able to attain elevations of
at least several meters above sea level. Several possible scenarios including subsidence
and karstification were explored in order to explain this striking discrepancy in age/el-
evation data of LIG deposits from the GBR, relative to the rest of Australia (Hopley,
1982a, Marshall and Davies, 1984). However, considerable uncertainty remains as to
whether this discrepancy is a result of karst dissolution alone or some combination of
karst and subsidence (Hopley, 1982a, Purdy and Winterer, 2001b). It is clear from
the recently reported age elevation data and palaeowater depth analysis, that the GBR
has undergone significant change since the LIG and may be experiencing significant
subsidence.
It is also relevant to note that GMSL can differ significantly from relative sea level, even
at far-field sites remote from margins of former ice sheets (Lambeck and Nakada, 1990,
Yokoyama et al., 2006, Dutton and Lambeck, 2012, O’Leary et al., 2013). Specifically,
investigation of palaeo-sea level indicators along the northeast coast of Australia ex-
hibit considerable spatial variability in the time at which relative sea levels first reached
present value during the early Holocene (Nakada and Lambeck, 1989, Lambeck and
Nakada, 1990, Murray-Wallace and Belperio, 1991). Much of this spatial variability
has been shown to be consistent with the predictions from glacial isostatic adjustment
(GIA) models (Nakada and Lambeck, 1989, Lambeck and Nakada, 1990, Yokoyama et
al., 2006). Small (< 5 m) elevation differences between far-field LIG fringing reef out-
crops on the southwest Australian coast and near-field LIG outcrops in the Caribbean
and Bahamas have also been attributed, in part, to variations in relative sea level in
response to GIA (Dutton and Lambeck, 2012, O’Leary et al., 2013).
In contrast, significant elevation offsets (∼ 20 to > 30 m) exist between these southern
LIG fringing reefs in Western Australia and LIG carbonate platform reefs (i.e. Scott
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Reef and the Rowley Shoals) located on the northwest shelf of Australia (Stirling et
al., 1995, 1998, Collins, 2010, 2011, Collins et al., 2011, Dutton and Lambeck, 2012,
O’Leary et al., 2013). Hence, it was postulated that long term subsidence from dy-
namic topography had a greater effect on differential elevations of carbonate reefs over
longer 100 ka timescales (Sandiford, 2007, Collins and Testa, 2010, Wilson, 2013).
Limited data exists on LIG sea levels for the GBR owing to the difficulties of obtaining
well preserved ages from reef cores at depths of at least 7 m and often greater than
20 m (Marshall and Davies, 1984, Pickett et al., 1989, Hopley et al., 2007). However,
the recent addition of 39 new U-Th ages from LIG deposits, combined with a detailed
facies analysis, allows us to revisit the question of why the LIG reef is submerged in
this region.
In addition to the primary controlling factors of GMSL and the nature of the antecedent
topography, here we address the influence of additional factors including relative sea
level, dynamic topography and karstification, all of which may have played a role. To
address this issue, herein we: 1) establish the predicted timing, elevation and duration
of the LIG highstand across the GBR based on newly derived relative GIA models and
2) re-analyse the recently published coralgal assemblage, facies, elevation and U/Th
age data, in the context expected relative sea level position.
7.3 Locations and methods
Ten cores from seven reefs across the northern, central and southern GBR are con-
sidered in this study (Figure 1). All seven reefs are located on the mid-outer shelf of
the GBR, 40-120 km from the coast. Coralgal composition, mineralogy and elevation,
together with U-Th mass spectrometry ages, were previously described for each reef
(Dechnik et al., 2016). Specific criteria used to determine the accuracy and reliability
of U-Th ages have been previously discussed in Dechnik et al., (2016). To develop
relative sea level (RSL) predictions across the region, we use a GIA model characterised
by an elastic lithospheric thickness of 95 km with upper and lower mantle viscosities
of 5X1020 Pa s and 1022 Pa s respectively (Dutton and Lambeck, 2012). The RSL
curves at all sites are computed using a 6 glacial-interglacial cycle prehistory, where all
previous cycles are presumed to have a similar glacial maximum ice volume to the last
cycle. This model adopts an ice model for the LIG highstand, where GMSL is fixed at
an ice volume equal to that of the present day for 9 thousand year duration, from 129
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ka to 120 ka. We then considered a range of GMSL estimates ranging from 6 to 9
m above present, which we added on top of the RSL prediction during the highstand.
In the absence of GIA model output to quantify the magnitude of the fingerprint of
RSL change during the LIG highstand in the GBR due to meltwater contributions from
Greenland or Antarctica, we estimated the magnitude of this effect using the figures
provided in Hay et al., (2014). The addition of meltwater from the Greenland ice
sheet (GrIS) has little to no effect on the RSL signal in the GBR, contributing at most
a few percent of additional sea level rise in this region relative to the GMSL signal
(equivalent to a few cm per meter of GMSL rise) (Hay et al., 2014). The addition of
meltwater from the West Antarctic Ice Sheet (WAIS) is closer to 15-20% greater than
the GMSL signal (15 to 20 cm per meter of GMSL change) and the effect is negligible
for the East Antarctic Ice Sheet (EAIS). Because we do not know the exact partition-
ing of meltwater between the GrIS and the Antarctic Ice Sheet (AIS), it is difficult to
precisely quantify the fingerprint of the change in the gravity field due to rapid collapse
of polar ice. Based on the estimate of Dutton et al., (2015a), we estimate that this
fingerprinting effect alone may contribute up to 60 - 120 cm of additional RSL rise in
the GBR, relative to the GMSL signal. However, we also note that the transgression
period leading up to the LIG highstand remains poorly constrained in our model, hence
our results specifically focus of the LIG highstand ranging from 129-120 ka.
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Figure 7.1: A) Locality map of reefs in this study from 1) The Northern GBR,
2) Central GBR and 3) Southern GBR. B) Location of reef cores within each reef.
7.4 Results
Thirty-nine new mass spectrometry ages for cores across the GBR were reported by
Dechnik et al., (2016). Dated corals from Fairfax and Stanley reefs (FFX3 10 D,
FFX3 9E, FFX3 7D and STN1 11G) returned ages of 128.7 ± 0.7, 127.6 ± 0.5,
126.05 ± 0.8 and 128.2 ± 0.6 respectively, with back-calculated initial uranium iso-
tope ratios (δ234Ui values) of all subsamples within 5 % of modern seawater (Figure
3). These coral ages are reported as conventional, closed-system ages based on the
agreement of the δ 234Ui values with modern seawater (Shen et al., 2012, Dutton,
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2014). However, STN1 11G had inadequate stratigraphic information available to de-
termine whether it was in-situ and is thus excluded from this analysis.
The remaining U-Th ages from Fitzroy and One Tree reefs, display elevated δ234Ui
values (i.e., > 5% above modern seawater) and define a diagenetic array on an evolu-
tion diagram that is consistent with the Thompson et al. (2003) open-system model
(Dechnik et al., 2016). These samples were accordingly corrected for open-system
digenesis using the Thompson model (Thompson et al., 2003). These open-system
corals yielded interpreted ages ranging from 126.3 ± 0.7 to 120.9 ± 0.6 ka for an
assumed seawater composition of 150 % or 125.0 ± 0.7 to 119.6 ± 0.6 assuming a
modern seawater value of 147 %. Reported errors of the open-system modeled ages
do not include additional error that is introduced through the model extrapolation and
hence likely underestimate the true error of these modeled ages.
Poor core recovery and meteoric diagenesis in cores from the northern and central
GBR prevented the development of a reliable chronology for cores in these regions.
However, for the southern GBR, both closed- and open- system interpreted ages were
recovered in the upper section of each core (between 8.05 m and 13.77 m below
PMSL), where the coralgal and facies interpretations indicate deposition occurred in
shallow water (< 6 m) high-energy environments. Only one U-Th age (OTI6 15C)
was recovered from a stratigraphically lower position at 18.78 m, returning an open-
system modeled age of 126.3 ka (assuming seawater was 150 %) or 125.0 ka (modern
seawater value of 147 %) (Dechnik et al., 2016).
The RSL predictions for the different core sites suggest there is little spatial vari-
ability (< 0.5 m of vertical offset) between RSL in the northern, central and southern
GBR during the LIG sea level highstand (Figure 2). The pattern of RSL observed
is typical of that expected at a far-field site, with peak RSL occurring early in the
highstand followed by a gradual drop in sea level due to the combined effects of con-
tinental levering and equatorial siphoning. Note that the assumed ice model includes
no change in GMSL during the highstand. If a gradual rise in GMSL occurred, as sug-
gested by RSL data in the Seychelles (Dutton et al., 2015) and in Western Australia
(Dutton & Lambeck, 2012), then this additional rise would superimpose upon the RSL
predictions.
The timing of peak LIG RSL depends on the assumed evolution of GMSL during this
time interval. If there was no increase in GMSL, or an increase that was less than ∼3.5
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m during the highstand, then the peak in RSL would have occurred early at the onset
of the highstand. An increase of more than ∼3.5 m would produce a peak later during
the LIG highstand. Hence, assuming a GMSL rise of 0 to 3.5 m across the highstand
produced a peak RSL that is ∼0 to 2 m above the GMSL peak (respectively). In
addition to this, the fingerprint of polar ice sheet collapse may contribute another 60 to
120 cm of RSL rise in the GBR relative to GMSL. The exact amount is dependent upon
the magnitude assumed for peak GMSL and the geographic distribution of meltwater
contributions to this sea-level rise (Hay et al., 2014). Combined with the uncertainty
in peak GMSL, this yields a predicted peak RSL estimate of 6 to 11 m above PMSL
in the GBR. In contrast, the range of peak sea level position reconstructed from the
dated corals combined with palaeowater depth estimates is -3 to -8 m relative to PMSL
(Figure 2), yielding an offset of 9 to 19 m between the predicted RSL and the observed
RSL.
7.5 Discussion
RSL reconstructions spanning the Last Glacial Maximum to present along the North-
East coast of Australia have previously been evaluated in the context of GIA modeling
(Chappell et al., 1982, Nakada and Lambeck, 1989, Lambeck and Nakada, 1990,
Yokoyama et al., 2006). However, this study provides the first (to our knowledge),
published GIA-corrected RSL predictions for the GBR during the LIG, suggesting a
peak RSL of 6 to 11 m above pmsl. When placed in the context of these RSL predic-
tions, U-Th ages, elevations, and palaeowater depth estimates obtained from the GBR
(Dechnik et al., 2016) suggest reef accretion during the LIG highstand (129-120 ka)
at -3 to -8 m relative to pmsl.
The timing of reef growth is broadly consistent with data from sites around the globe
(Dutton and Lambeck, 2012, IPCC, 2013). We note that differences in the absolute
timing and duration of LIG reef growth at geographically diverse sites is, in part, related
to the effects of GIA (Dutton and Lambeck, 2012, Dutton et al., 2015a) and in some
cases may be attributable to ages that are biased due to diagenesis. Although the
timing of the GMSL highstand is estimated at ∼129-116 ka (IPCC, 2013), Western
Australia (WA) demonstrates prolific reef growth between ∼128-121 (± 1) ka (e.g.,
Stirling et al., 1998), consistent with the timing of reef growth observed in the GBR
by Dechnik et al., (2016).
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Despite this consistency in the timing of reef growth with other far-field sites, there is a
large offset between the predicted and observed RSL in the GBR. Although established
coralgal and facies data from the GBR suggest LIG reef deposition in a shallow water
(< 6 m), high energy environment (Webster and Davies, 2003, Braga and Aguirre,
2004) (Dechnik et al., 2016), the predicted RSL in the region sits some 9 to 19 m
above the reconstructed sea level position, clearly inconsistent with the shallow palae-
owater depth interpretations. Below, we evaluate several possible explanations for this
discrepancy.
7.5.1 Karstification
Karstification of Pleistocene reef limestone has been identified as a controlling fac-
tor on variations of antecedent topography, which in turn is thought to influence the
morphology of the modern reef (Purdy, 1974, Purdy and Winterer, 2001a). Rates of
karstification are a function of exposure time, rainfall, porosity and original topogra-
phy of exposed carbonate reefs (Paulay and McEdward, 1990). Accurate palaeowater
depth estimates reported in Dechnik et al., (2016) were not available when many of
these cores were originally evaluated. However, Marshall and Davies, (1984) postulated
that karstification was, in part, responsible for this discrepancy in age/elevation data.
These authors suggested that the present position of unconformities in the southern
GBR (7.4-13.6 m below pmsl) would require a rate of erosion of 0.07-0.14 m/ka,
assuming some subsidence also took place (Marshall and Davies, 1984). Additional
studies from both the Indo-Pacific and Caribbean, identified karstification rates from
both fossil and modern reefs which significantly differed from those calculated in the
GBR (Table 1). Specifically, Purdy, (1974) and Purdy and Winterer, (2001a) argue
that much greater solution rates than estimated for the GBR are required to produce
the significant relief (>20 m) observed on many reef atolls (Table 1). High rates of
karstification in the Belize Barrier Reefs were proposed to have caused a southward
decrease in Pleistocene elevation in relation to increased precipitation in the same di-
rection (Purdy, 1998, Gischler et al., 2000, Purdy et al., 2003). Whilst the absolute
rate of rainfall during the Pleistocene and today are not directly comparable, these
authors suggested they were likely similar. Hence, the higher rainfall in the South (400
cm/yr) was suggested to produce the greater antecedent relief observed (10-12 m)
in the southern reefs, compared to the northern reefs (3-4 m) where rainfall averages
just 150 cm/yr (Purdy, 1998, Gischler et al., 2000, Purdy et al., 2003). However, if
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a higher solution rate is assumed for the mid-outer platform reefs of the GBR and
removal of these reefs is purely erosional, then the reef assemblages underlying the
current Holocene boundary would have been deposited in relative deeper water (∼8-
20 m). However, the presence of shallow water coralgal assemblages with associated
shallow water vermetid gastropods (indicating deposition in < 6 m) at the top of all
cores across the GBR (Dechnik et al., 2016), suggest such levels of karstification are
unrealistic for the mid-outer platform reefs of the GBR.
Moreover, limited dissolution of emerged LIG reef terraces and outcrops in other areas
such as Barbados (Hopley, 1982b, Hopley and Macintyre, 2011), suggest caution in ac-
cepting a purely erosional lowering of carbonate reefs. Specifically for the GBR, lower
sea levels ∼115 ka to 10 ka would have subaerially exposed the mid-outer platform
reefs for approximately 100 ka, which, given the right conditions (i.e high rainfall),
could produce significant karstification in the region. However, terrestrial records from
the northeast coast of Australia suggest increasing aridity from 110 ka, peaking during
the Last Glacial Maximum (Hopley, 1973, Bowler et al., 1976, Nanson et al., 1992,
Petherick et al., 2013). Drying of lakes and apparent retreat of ice from South-Eastern
Australia coincided with the driest late Quaternary climate in North-East Queensland,
15-23 ka (Bowler et al., 1976, Petherick et al., 2008, 2013).
Further evidence of aridity following the exposure of mid-outer platform reefs comes
from the significant impregnation of caliche found in cores from the northern, central
and southern reefs (Figure 3) (Dechnik et al., 2016). Caliche typically forms in arid
to semi-arid environments (Lidz, 2011) and has been identified in LIG fossil reefs in
Barbados and Western Australia where erosion rates were thought to be relatively low
(∼0.01 m/ka) (Hopley, 1982a, Twiggs and Collins, 2010, Hopley and Macintyre, 2011).
Thus, caution should be taken when calculating karstification rates based on modern or
previous interglacial precipitation rates as significant differences in climate were likely
experienced during intermittent glacial periods when the potential for karstification
was most likely at its greatest following sub-aerial exposure. In addition, fringing reef
outcrops identified approximately + 2 m above PMSL at Evans Head (Pickett, 1981,
Pickett et al., 1989) are postulated to represent growth during the LIG. These reefs are
located approximately 600 km south of the GBR and are thought to have flourished
at these more southerly locations during the LIG when sea-surface temperatures were
approximately 1-2 degrees warmer that today (Cortese et al., 2013). The continued
presence of these fringing reefs above PMSL, despite being sub-aerial exposed for over
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100 ka, suggest minimal karstification rates of carbonate reefs along the northeast
Australian coast. Similarly, the highest LIG corals surveyed at Cape Range in West-
ern Australia occur approximately +3.5 m above PMSL, in some cases with growth
surfaces clearly preserved (Stirling et al., 1995, 1998, Dutton and Lambeck, 2012),
suggesting minimal karstification. We therefore suggest a karstification rate of ∼0.01
m/ka for the mid-outer platform reefs on the GBR, in agreement with rates predicted
for LIG reefs on Barbados and Western Australia, resulting in approximately 1 m of
total karstification since the LIG.
Table 7.1: Summary of karstification and subsidence rates from both the Indo-
Pacific and Caribbean.
Region Karstification Rates 
(m/ka) 
Subsidence Rates 
(m/ka) 
Source 
Mid-outer platform 
reefs,  Southern GBR 
0.07-0.14 0.05 (Marshall and Davies, 1984)  
Ribbon Reef 5 and 
outer Central GBR shelf 
0.07 0.16-0.18 (Webster. 1999)  
Mid-Way Atoll 0.035 _________ (Lincoln and Schlanger, 
1987) 
Barbados 0.01 _________ (Hopley, 1982, Hopley and 
Macintyre, 2011) 
Enewetak atoll 0.114-0.130 _________ (Anthony et al., 1989, Purdy 
and Winterer, 2011) 
Aldabra atoll 0.09-0.51 _________  (Trudgill, 1976, 1979) 
Florida 0.09 _________  (Adams et al., 2010)  
Ningaloo reef to the 
Houtman Abrolhos, WA   
< 0.01 _________ (Dutton and Lambeck, 
2012, O’Leary et al., 2013) 
Scotts Reef and the 
Rowley Shoals, WA 
_________ 0.25-0.17 (Collins et al., 1993, Collins 
and Testa, 2010) 
N-S tilting of the 
Australian continent 
_________ 0.015-0.2 
0.075 
(Sandiford, 2007) 
(Czarnota et al., 2013) 
Queensland and Marion 
Plateaus 
_________ 0.017 (DiCaprio et al., 2010) 
Mid-outer platform 
reefs, GBR 
0.01 0.065-0.15 This Study 
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Figure 7.3: Photo-micrographs of caliche micro-facies, showing mottled texture
and rhyzocretions within a mixed skeletal packstone.
7.5.2 Subsidence
Removal of ∼1 m of LIG carbonate reef via karst processes still leaves 8-18 m offset
between the measured and predicted palaeowater depth estimates. Based on our esti-
mated karstification rates, a subsidence rate of ∼0.065 to 0.15 m/ky (equivalent to 65
to 150 m/My) is required to explain the observed elevation of the upper surface of the
LIG reef that provides the antecedent topography of the modern mid-outer platform
reefs in the GBR. Differential shoreline elevations evident along much of the Australian
continental margin, including the lack of preserved strata above PMSL along north-
ern Australia, prompted Murray-Wallace and Belperio (1991) to conclude that the
continent was subsiding in a northerly direction. The Australian continent has been
identified as experiencing a N-down SSW-up tilting of the continent since the mid-
Miocene, as the Australian plate moves north and converges with the Pacific Plate
(Hall and Spakman, 2003, Sandiford, 2007, Czarnota et al., 2013). Dynamic subsi-
dence rates of this apparent continental tilting have been estimated from numerous
continental margins, oceanic basins and marginal plateaus (Queensland and Marion
plateau), surrounding Australia over the past 20 million years (Table 1). Specifically, a
rapid subsidence event was identified at approximately 9-10 Ma, continuing to present
day (Sandiford, 2007, DiCaprio et al., 2010, Czarnota et al., 2013). However, a wide
range of subsidence rates ranging from 17 m/Myr (0.017 m/ka) to 75 m/Myr (0.075
m/ka) have been suggested during this period (Table 1). Nevertheless, the dynamic
topography subsidence rates calculated above overlap with the lower end of our cal-
culated range of subsidence derived from cores in this study (0.065 to 0.15 m/ky).
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As the upper end of our range (0.15 m/ky) is estimated assuming zero palaeowater
depth error (Figure 2), the greater agreement with the lower end of our range implies
that the higher (i.e. 6 m) palaeowater depth interpretations are more consistent with
the long term estimates of dynamic topography. Regardless, our results suggest that
subsidence from dynamic topography was principally responsible for the relatively deep
elevations presently observed for the upper surface of the Pleistocene (the LIG reef)
that defines the basal topography of the mid-outer platform reefs of the GBR, which
became established at the end of the last deglaciation.
The entire GBR sequence is postulated to be relatively young (less than 700 ka)
(Braithwaite et al., 2004, Braithwaite and Montaggioni, 2009). The persistence of
subsidence at a rate of at least 65 m/My induced by dynamic topography over the
entire lifetime of the GBR would have consistently lowered the antecedent platforms,
affecting ’take-off’ depths of each successive interglacial reef and creating a natural ac-
commodation space for growth during sea level highstands. This in turn may influence
both the growth response (i.e. catch-up/keep up or give up) and coralgal composition
of each reef, significantly influencing the overall growth and development of the GBR.
This suggests that long-term dynamic topography not only play’s a substantial role in
driving the evolution of carbonate platform reefs on passive margins over millions of
years (DiCaprio et al., 2010), but may also contribute to their evolution over smaller
shorter, 100-ky timescales.
Similar to the northeast Australian shelf, a notable lack of LIG reefs above pmsl on
the Northwest shelf suggests a similar history to the GBR with submerged (< 20 m)
LIG carbonate platforms found north of 19S (Collins and Testa, 2010, Collins, 2011).
To the south, extensive LIG fringing reef outcrops with elevations (+3.5-9 m) above
pmsl, extending from Ningaloo reef to the Margaret River area (Stirling et al., 1995,
1998, Dutton and Lambeck, 2012, O’Leary et al., 2013), implies that the reefs on the
northwest shelf experienced significant subsidence consistent with the N-down SSW-
up tilting of the Australian continent (Sandiford, 2007). Furthermore, Scott reefs and
the Rowley shoals e.g. Mermaid, Clerke and Imperieuse atolls, rise from progressively
shallower depths (> 440 m to 230 m) in a North-East to South-West direction on
the Northwest shelf, consistent with direction of proposed continental tilting (Collins
and Testa, 2010). These reefs have estimated subsidence rates based on the inferred
depth of the LIG surface ranging from 0.17 to 0.25 m/ka (Collins et al., 1993, Collins
and Testa, 2010), consistent with long term dynamic topography subsidence rates in
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the region and slightly higher than the rates we have calculated for the GBR over the
same time window (Table 1).
In a similar fashion, antecedent elevations between the northern, central and southern
mid-outer platform reefs of the GBR are observed to deepen in a northerly direction for
the cores examined in this study and for those summarized in Hopley et al., 2007, where
the average elevations were 12.4 m (south), 15.5 m (south-central), 21.7 m (central)
and 16.1 m (north) (Figure 4). The anomalously deeper elevations of the central GBR
are skewed by reefs on the outer shelf which are located within the bounds of the
Halifax basin. These deeper platforms were first noted by Hopley and Harvey, (1981),
who noted a decline in reef flat elevation seawards (Kleypas and Hopley, 1992). Thus,
while the pre-Holocene depths of the mid-outer platform reefs of the GBR deepen in an
overall northerly direction, greater subsidence of the still-active Halifax basin may have
resulted in local scale differences, producing the deeper depths of the outer central
GBR. Hence, our newly generated GIA model suggests that the shallow water coralgal
assemblages flourished during the LIG highstand, peaking 6-11 m above pmsl. Theses
reefs were then exposed sometime after 120 ka when karstification and subsidence from
dynamic topography produced the current elevations from which the modern reef now
grows.
Figure 7.4: Depth of the Holocene/LIG reef boundary based off all available
previously published reef core data from the mid-outer platform reefs of the GBR,
relative to distance from the East Australian coast.
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7.6 Conclusion
Based on a new analysis of previously published coralgal assemblages, facies, and U-
Th data, in conjunction with newly derived GIA corrected RSL curves, we draw the
following conclusions about the geological evolution of mid-outer platform reefs across
the GBR, over the past ∼135 ka;
1. Peak modeled RSL occurred at ∼128 ka, 6-11 m above PMSL. These results
are broadly consistent with the timing and magnitude of LIG peak highstand
at other far field sites, providing better constraints on RSL change along the
North-East coast of Australia, during the LIG.
2. In the context of our new RSL curves, a 9-19 m offset is observed between
the measured and interpreted palaeowater depth estimates based on previously
established assemblage and facies information on 10 mid-outer platform reefs.
Subsidence due to dynamic topography and regional tectonics (E.g. Halifax
Basin) was determined as the most probable cause of this elevation offset, oc-
curring at a rate of 0.065 to 0.15 m/ka. Approximately 1 m (0.01 m/ka) of ero-
sion was attributed to karstification owing to the significant amounts of caliche
found within the cores and previously established shallow water facies composi-
tion at depth, inconsistent with deposition in deeper water. These results are in
good agreement with studies on the long term dynamic topography of Australia
which suggests that the continent and North-East marginal plateaus have been
subsiding in a North-East direction, since the mid-Miocene. Thus long-term dy-
namic topography play’s a substantial role in driving the evolution of carbonate
platform reefs on passive margins, over smaller 100 ka timescales.
3. Greater accuracy in the modeled transgression and more ages during this period
are needed to better constrain LIG reef turn-on. Nevertheless, we suggest that
the final stage of reef growth (stage 3a/b, 129-120 ka) was deposited at +11m
to +6 m above PMSL, in good agreement with the previously established shallow
(< 6 m) palaeowater depth estimates.
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This thesis used a multi-faceted approach integrating geological, ecological and envi-
ronmental data from cores, to provide the most robust chronological and palaeode-
positional history for the mid-outer platform reefs of the GBR over the last ∼130
ka. Using quantitative surveys of key modern coral reef biota (coral, coralline algae,
vermetid gastropods) at a GBR representative study site (One Tree Reef), in com-
bination with similar coralgal assemblages from elsewhere in the GBR and the wider
Indo-Pacific, palaeodepositional constraints on analogous fossil coralgal assemblages
were determined for both Holocene and LIG reefs. Using these assemblages in con-
junction with sedimentary facies, new U/Th and 14C-AMS ages, and a re-analylsis of
all existing radiocarbon data, it is now possible to accurately reconstruct the palaeoen-
vironmental conditions and reef growth responses of both the Holocene and LIG reefs.
The main evolutionary stages, and the important controlling factors, are discussed
below and shown in Figure 1, within the context of the original thesis objectives.
8.1 LIG ”turn-on”
>129 ka (Figure 1A). Lack of core recovery and preservation of initial reef colonisers
resulted in limited constraints on the timing of initial LIG reef turn-on. However, both
the closed and modeled open-system ages dated in this thesis (n = 39) confirmed, for
the first time, that the pre-Holocene reefs are LIG in age and initial colonisation of the
presumed MIS7 reef most likely occurred prior to 129 ka. Results showed that shallow-
water coralgal assemblages were first to colonise the reef platforms (reef growth phase
1), following initial flooding of the antecedent substrate. Hence, not only have these
results advanced our knowledge about the age of the pre-Holocene mid-outer platform
reefs of the GBR, but also provided important constraints on the possible timing of the
LIG ’turn-on’ and the oceanographic conditions experienced by these reefs following
initial flooding of the antecedent platforms.
∼129 ka (Figure 1B). A near drowning event followed in response to rapid sea-
level rise, (during the end of the penultimate deglaciation) and greater nutrient rich
upwelling, resulting from a warmer and more intense EAC. This reef growth phase
was defined by deeper coralline algal crusts and Halimeda grainstone facies and a lack
significant coral framework (reef growth phase 2). In the context of the newly derived
GIA corrected relative sea level models generated in this study, this near drowning
event most likely occurred during the peak LIG highstand ∼128 ka, when relative sea
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level was 6-11 m above pmsl. Thus, these results not only highlight the sensitivity of
the GBR to climatic changes, analogous to future warm climate predictions including
rapid sea level rise and increased SST’s, but also provide (to the best of our knowledge)
the first GIA corrected relative sea level curves for the GBR during the LIG highstand.
Understanding the rate, magnitude and duration of the LIG highstand is particularly
important as the possibility of significant sea level rise due to potential future ice sheet
collapse are similar to that observed during the onset of the LIG predicted in this study
and other far-field sites.
8.2 LIG Transgression (i.e. end of the penultimate
deglaciation)
∼128-121 ka (Figure 1C). Results showed relative LIG sea level stabilised at ∼128 ka
across the GBR. Re-establishment of significant coral reef framework occurred during
this same time interval, initially characterised by deeper, more turbid coralgal assem-
blages (reef growth phase 3a). Hence, these results not only demonstrate that the
mid-outer platform reefs were able to re-establish themselves following initial inimical
oceanographic conditions, but also provide important information about reef response
to deeper, more turbid conditions.
8.3 LIG stillstand
128-121 ka (Figure 1D). Our relative GIA corrected sea level model, in conjunction
with our new closed and open system ages, suggest that the LIG highstand occurred
from approximately 128.7 ± 0.7 to 120.9 ± 0.6 ka. During this interval deeper coral-
gal assemblages transitioned to shallow water coralgal communities as the reef ap-
proached sea level via a catch-up reef growth response (reef growth phase 3a). The
shallow coralgal composition and slow reef accretion rates (1.3-1.5 m/ka) during this
highstand period are consistent with growth at or near sea level. However, in the
context of our new relative sea level curves, a 9-19 m offset was observed between
the measured and interpreted palaeowater depth estimates based on the shallow water
coralgal assemblages and facies identified in this thesis.
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8.4 Glacial period
∼118-10 ka (Figure 1E). Sea level fell from the LIG highstand (6-11 m above pmsl) to
approximately -120 m by∼19-22 ka (Yokoyama et al., 2006), exposing the LIG platform
reefs. Terrestrial records from the northeast coast of Australia suggest increasing aridity
from 110 ka, peaking during the LGM and are consistent with the presence of caliche
identified in many of the reef cores analysed in this present study. Approximately 1
m of erosion via karst processes was estimated to have occurred during this interval,
across the GBR, equivalent to a rate of 0.01 m/ka. Removal of ∼1 m of LIG carbonate
reef via karst processes still leaves 8-18 m offset between the measured and predicted
palaeowater depth estimates. Hence, a calculated subsidence rate of ∼0.065 to 0.15
m/ky is necessary to explain the observed elevation of the upper surface of the LIG
reefs that provides the antecedent topography of the modern mid-outer platform reefs
analysed in this thesis. Dynamic topography and regional tectonics (e.g. Halifax Basin)
were determined as the most probable cause of this elevation offset and also responsible
for the observed deepening of mid-outer platform reefs in a northerly direction. These
results are in good agreement with studies on the long-term dynamic topography of
Australia which suggest that the continent and north-east marginal plateaus have been
subsiding in a north-east direction, since the mid-Miocene. Thus, the results of this
thesis demonstrate that long-term dynamic topography not only plays a substantial role
in driving the evolution of carbonate platform reefs on passive margins over millions of
years, but may also contribute to their evolution over shorter, millennial and glacial-
interglacial timescales (i.e. 10 000 to 100 000 years).
8.5 Holocene ’turn-on’
10-9 ka (Figure 1F). Following the end of the last deglaciation, sea level first re-
flooded the antecedent topography on the mid-outer platform reefs ∼10-9 ka. How-
ever, a distinct delay of 0.7-2 ka was observed between substrate flooding and first reef
colonisation. This delay is based on newly dated in-situ corals taken at (or within a few
centimeters above) the Pleistocene surface from the southern GBR, providing robust
new constraints for the ’turn-on’ of Holocene reefs. Higher input of fine siliciclastic ma-
terial from regional sources (e.g. perhaps remobilized relict fluvial-estuarine sediments
from the shelf), exposure to hydrodynamic forces and colonisation in deeper waters
were identified as the main factors influencing initial reduced growth and development.
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Whilst recent data from numerous inshore fringing reefs of the GBR suggested that
the oldest dated Holocene corals were located several meters above the antecedent
surfaces and principally composed of detrital rubble, our results were able to unequiv-
ocally show that at least in the Southern GBR, a distinct lag was observed between
flooding and first reef colonisation.
8-7 ka (Figure 1G). Our results showed that reef growth first turned on between
8.3 ± 0.04 to 7.6 ± 0.03 ka. However, the reef was initially composed of more envi-
ronmentally tolerant early colonisers (e.g. domal Porites and faviids), consistent with
initial unfavorable conditions for reef growth following the flooding of the antecedent
surface. These deeper more turbid coralgal assemblages were previously masked by
the more basic sedimentary facies descriptions of Marshall, Davies and co-authors.
Thus, our more detailed geologic and biologic analysis offers greater insight into the
palaeodepositional conditions these coralgal assemblages were deposited in and fur-
ther provides robust new constraints of the timing and duration of this initial ’turn-on’
community.
8.6 Holocene transgression
7-6 ka (Figure 1H). Sea level stabilised at approximately 1.5 m above pmsl, ∼7
ka. Poritid/Faviid communities were replaced by coralgal assemblages composed of
Acropora/Isopora sp. as the reef was able to catch-up to sea level and palaeowater
depths were reduced to less than 6 m. The shift from deep to shallow assemblages
also corresponded to reduced vertical accretion rates averaging < 2.7 m/ka as the
reefs approached the intertidal zone, similar to the composition and rate (1.3-1.5
m/ka) of reef accretion observed following the stablisation of sea level during the LIG
highstand. Such shallowing upwards sequences provide important new information on
reef response to variations in sea level, hydrodynamic activity and nutrient inputs. Our
results also demonstrated that the size and shape of the antecedent substrate had a
greater impact on the final evolutionary state of a reef (i.e mature vs senile) compared
to substrate depth alone.
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8.7 Holocene stillstand
6-3.5 ka (Figure 1I). The closely spaced reef core transects at both Heron and One
Tree reef in conjunction with re-analysed data from 14 other reefs provide the most
comprehensive lateral accretion rates for the mid-outer platform reefs of the GBR.
These results suggest that the reef flat first approached pmsl ∼6 ka where growth is
then dominated by lateral accretion. Hydrodynamic energy was identified as the main
driver of accretional direction with exposed reefs accreting primarily lagoon-ward and
protected reefs accreting seawards, contrary to the traditional growth model in the
GBR. Lateral accretion rates varied from 86.3 m/ka - 42.4 m/ka on the exposed One
Tree windward reef and 68.35 m/ka - 15.7 m/ka on the protected leeward Heron reef,
suggesting that wind/wave energy is not a dominant control on lateral accretion rates.
3.5-0 ka (Figure 1J). An analysis 46 new U/Th ages from Heron and One Tree reef,
in conjunction with all the available published radiocarbon reef flat ages from 27 mid-
outer platform reefs, revealed a distinct hiatus in reef flat growth between 3.6 ka ± 0.1
to 1.6 ± 0.2 ka for the northern, south-central and southern GBR. However, no hiatus
in reef flat growth was observed in reefs from the central GBR. Increased upwelling,
turbidity and cyclone activity, in response to increased SST’s, precipitation and ENSO
variability, were ruled out as possible mechanisms of reef turn off. A relative fall (∼0.5
m) in sea-level at 4-3.5 ka was the most likely explanation for why reef flats in the
northern and southern regions turned off during this period, consistent with previous
documented reef flat demise on inshore GBR fringing reefs. Greater hydro-isostatic
adjustment of the central GBR and long term subsidence from the Halifax basin would
have provided greater vertical accommodation space for the mid-outer platform reefs
of the central GBR, allowing these reefs to continue to accrete vertically despite a
relative fall in sea level ∼ 4-3.5 ka. Thus, these results not only provide important
information about possible reef flat hiatuses in response to naturally environmental
forces, but also provide possible insights into the stability of relative sea level along
the east Australian margin following the Holocene post-highstand fall.
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8.8 Comparisons between Holocene and LIG reefs
and future implications
The high resolution coralgal assemblage information developed in this thesis provides
the first detailed regional comparison of reef response from the northern to the south-
ern GBR over longer term (>10 ka) geological timescales. Results showed a higher
abundance of deeper and more turbid coralgal assemblages in LIG reefs compared to
the Holocene. This was most likely a response to a rapidly rising sea level near the
end of the penultimate deglaciation combined with greater upwelling as a result of a
stronger and a more intense EAC. While the Holocene reefs also experienced an initial
deeper/more turbid phase of growth following the transgression, both the established
rate of sea level rise and predicted upwelling were likely far greater during the estab-
lishment of LIG reef. This suggests the palaeoenvironments during the initial turn-on
phases of the two interglacial intervals (Holocene and LIG) were significantly different.
However, similar composition of ultimate shallow-water coralgal assemblages and slow
reef aggradation rates following stabilisation of sea level (Figures D and H), suggest
both the LIG and Holocene reefs developed in a similar way as they approached mean
sea level. Whilst the initial turn-off conditions experienced by LIG reefs are not directly
comparable to the current conditions of the modern GBR, the results of this study sug-
gest that the GBR has been sensitive to climatic changes, broadly analogous to future
predictions, including; warmer SST (1-2 degrees) and significant sea level rise due to
potential future ice sheet collapse. Hence, if rapid sea level rise, similar to that at
the onset of the LIG, were to occur in conjunction with other environmental stresses
(e.g. warmer SST, increased turbidity, ocean acidification, increased bleaching, excess
nutrient runoff), the results of this thesis suggest that the GBR may experience a near
drowning event similar to that experienced during the LIG.
8.9 Future work
Additional reef cores from the GBR are needed to better constrain reef growth during
the LIG, particularly during the initial colonisation phase, to test and better constrain
the reef growth phases identified in this thesis. It would also be beneficial to collect
additional cores across closely spaced transects so stillstand reef growth response and
lateral accretion rates during the LIG can be examined in detail. Additional microatoll
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data from the reef flats of mid-outer platform reefs in the northern and southern
regions would also be beneficial to better constrain sea level variation following the
mid-Holocene highstand and confirm (or not) possible hiatuses in reef flat growth in
these regions. It might also be useful to quantitatively test the conceptual models of
reef development proposed in this thesis with Forward Stratigraphic Modelling (FSM),
in order to better understand the parameters controlling reef growth and evolution in
the GBR and further improve predictions of possible trajectories of modern reefs in the
face of future climate change.
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